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ABSTRACT
Vibrio vulnificus is an autochthonous inhabitant of warm, brackish coastal waters and is
an opportunistic pathogen that causes the highest mortality of all seafood-related illnesses (1).
These fatal infections are generally caused by the clinically-associated vcgC/16S rRNA type B
genotypes within the biotype I group (2–5). However, the reasons for the heightened
infectiousness of the clinically-associated strains over environmentally-associated ones remains
elusive, as no unique clinically-associated virulence genes have been identified through genomic
sequencing or other strategies. DNA methylation may contribute to regulation of virulence by
affecting gene transcription, and was investigated in the highly virulent V. vulnificus strain
CMCP6. The proportion of methylated nucleotides was altered under conditions that simulate
free-living estuarine vs. infectious niches. Growth in seawater resulted in approximately 4x as
many methylated bases as the human serum treatment, the majority of which were N4methylcytosines (m4C) (6).
Significantly more methylated bases occurred in the seawater treatment across gene
coding sequences, intergenic space, rRNA, and tRNA genes. Multiple DNA methylation
sequence motifs were identified and one non palindromic motif was associated with a putative
methylase and termed hsdM. No specific m4C motif was identified, but the largest change in
methylations per kilobase occurred with an m4CHH methylation motif. Growth in seawater
resulted in 5.5x more methylated m4CHH motifs than growth in human serum.
Methylation’s role in regulating the transcription of six genes associated with virulence
and survival (i.e. hupA, nptA, sodA-C, and wza) in the wildtype V. vulnificus CMCP6 and
vii

putative methylase mutants was assessed under the same conditions used in the methylation
sequencing. When wild type and methylase mutant strains of V. vulnificus were grown in human
serum the putative m4C methylase mutant (ΔdcmA) had significantly higher transcription of
hupA, nptA and sodA-C. Abiotic factors similar to those found in the human host (i.e. pH 7.5,
salinity 10 ‰, and temperature 37°C) tended to contribute to elevated transcription of most of
the investigated genes.
Sewage was investigated as a potential driver of changes in V. vulnificus populations and
gene transcription that would increase the risk of human disease. Sewage at a 1% concentration
significantly increased the concentration of autochthonous V. vulnificus in estuarine water from
Tampa Bay, FL (e.g. 8.12 x 104 + 1.03 x 104 GC/100 mL vs. 8.93 x 106 + 2.50 x 105 GC/100
mL). The presence of organic carbon and nitrogen in wastewater contributed the most to the
observed growth. Wastewater significantly altered the population structure of environmentallyand clinically-associated genotypes (16S rRNA type A and B respectively) and had a stabilizing
effect on the percentage of the 16S rRNA type A genotype. The oxidative stress response was
altered when V. vulnificus CMCP6 was exposed to wastewater, resulting in significantly higher
sodB transcription while repressing sodA. No significant effects on gene transcription were
observed for sodC, hupA, nptA, or wza. This research has set the groundwork for investigating
DNA methylation as an alternative mechanism, as opposed to possession of unique virulence
genes, for regulating virulence in V. vulnificus while also demonstrating the important role of the
environment on regulation of virulence-associated genes.
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CHAPTER 1: BACKGROUND ON THE OPPORTUNISTIC HUMAN PATHOGEN
VIBRIO VULNIFICUS AND THE ROLE OF ENVIRONMENT ON VIRULENCE
REGULATION

Introduction
Vibrio vulnificus overview: Vibrio vulnificus is a human pathogen with ~50% mortality rate
from septicemia, and ~22% mortality rate from cutaneous infections (7, 8). Vibrio vulnificus is
ubiquitous in warm brackish waters around the world and has three distinct biotypes (7, 9).
Biotype I strains cause most of the human infections while biotype II is primarily an eel
pathogen and biotype III is thus far geographically limited to Israel (8, 10). Humans can become
infected after consuming raw shellfish such as oysters (11, 12). Of all seafood borne illnesses in
the U. S. V. vulnificus infections result in the highest mortality (1). According to the Florida
Department of Health, there is an average of 9 + 3 deaths per year in Florida (2008-2019) as a
result of infection by V. vulnificus (13). Due to the severity of the illness, incidences have been
reportable to the CDC in Gulf Coast states since 1988 and nationally since 2007 (11). However,
the number of infections in the U.S. has been rising since 1996 and a 109% increase in Vibrio
infection incidence was reported in 2018 vs. 2015-2017 and a 79% increase in 2019 vs. 20162018 (12, 14, 15).
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Role of V. vulnificus virulence factors in the environment and during infection: Vibrio
vulnificus infection of the human intestine typically has the highest mortality rate compared to
other routes of infection due to rapid intestinal colonization and septicemia (7, 16). Upon
ingestion, bacteria encounter low pH in the stomach and digestive enzymes. This hostile
environment eliminates many bacteria, but some pathogens are more resistant to acid stress. In V.
vulnificus the manganese superoxide dismutase (sodA) was found to be essential for acid
tolerance (17). Environmental exposure to low pH can induce acid resistance and has been
documented for E. coli and Vibrio parahaemolyticus (18, 19). Depending on the method of
oyster post-harvest processing, V vulnificus can become concentrated in oyster digestive tissues
during depuration or decrease in total abundance when oysters are frozen (20). The average
stomach pH of Crassostrea virginica is pH 5.5 which may induce acid tolerance in surviving
bacteria (21). Cells that survive the harsh conditions of the stomach then reach the intestines,
which have more favorable conditions for growth.
Vibrio vulnificus expresses several possible virulence factors that enable colonization of
host tissues. Cytolysins encoded by vvhA and rtxA1 and the elastase encoded by vvpE have been
demonstrated to significantly enhance colonization of mouse intestines and human intestinal
epithelial cells and increase mortality compared to corresponding deletion mutants (16, 22, 23).
However, these same cytolysins have been shown to be dispensable when causing subcutaneous/intraperitoneal infections (24–27). These results indicate that these virulenceassociated genes contribute to virulence under specific conditions but they are not true virulence
factors that are essential for pathogenesis. Expression of these and other putative virulence
factors may occur in response to environmental conditions. Understanding how and when these
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factors are expressed in the environment and in the human host will help us to better understand
pathogenicity.
In the environment, bacteria encounter stressful conditions. In response to these
unfavorable conditions (e.g. oxidative stress, low nutrients, and pH) they can enter a viable but
non-culturable (VBNC) state and remain dormant until conditions improve (1, 28). While in the
VBNC state bacteria remain metabolically active at greatly reduced rates and the cell membrane
composition is altered (29). Several pathogenic bacteria including E. coli O157:H7,
Campylobacter jejuni, Listeria monocytogenes, Pseudomonas aeruginosa, V. cholerae, and V.
vulnificus are able to enter the VBNC state (1, 28, 30). While infectivity can be reduced when
bacteria enter the VBNC state (30), it is possible for the human infection risk to increase due to
the pathogens not being detected by standard culture techniques. Many standard methods (e.g.
FDA BAM: Vibrio
http://www.fda.gov/Food/FoodScienceResearch/LaboratoryMethods/ucm070830.htm) for
detecting pathogens in food and water rely on culturable bacteria. These methods can
underestimate pathogen abundance or give false negatives, or underestimate risk, when VBNC
cells are present. Vibrio vulnificus and V. cholerae retained the ability to colonize human and
animal hosts while in the VBNC state and V. vulnificus remained lethal to mice (30, 31). The
ability for cells to remain virulent after they enter the VBNC state represents a public health risk.
Despite a number of studies investigating VBNC cells the genetic (and non-genetic) mechanisms
regulating the VBNC state remain elusive (29). Potentially epigenetic modifications, including
DNA methylation, contribute to entering into the VBNC state or affect transcription compared to
actively growing cells.
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Differential virulence of V. vulnificus strains: While V. vulnificus can be isolated from warm
waters, oysters, eels, sediment, and vegetation, a distinct sub-population dominates the genotypes
recovered from infected humans (3, 32, 33).Several methods have been advanced to differentiate
these clinically-associated isolates from environmentally-associated isolates. Differences in
several housekeeping genes involved in basic cellular maintenance (chaperonin, uridine
monophosphate kinase, RNA polymerase σ70 factor, glutamine synthetase, and gyrase B) and
DNA repair (recA) have been examined and isolates could be grouped into clinically- or
environmentally-associated clusters based on sequence similarities (4, 7). A polymorphism in the
type IV secretion system (pilF) has also been correlated with virulence (34). Polymorphisms in
the 16S rRNA gene were used to develop an assay to differentiate the clinically-associated
genotype B from environmentally-associated genotypes A or AB (2, 3). The virulence correlated
gene (vcgC or vcgE), which tends to correspond with the B/A polymorphism, is also used for
strain typing (4, 5). Depending on typing method, water quality, season, and matrix (i.e. water,
oysters, etc.) different ratios of clinically- to environmentally-associated bacteria can be found.
Often environmentally-associated genotypes are predominant in water (~54-75%) but genotype
ratios can vary with season and salinity (3, 20, 35, 36). The ratio of vcgC/E in oysters (~85%
vcgE) was not closely related to the ratio in seawater (~50% vcgE) in one study (37) while they
were similar in oysters (66% vcgE) and seawater (69% vcgE) in another (36). The observed
differences in the vcgC to vcgE ratios in the environment, along with the C/E differences being
apparent in multiple genes (4), may indicate niche divergence.
Classical genotypic and phenotypic methods used to identify virulence in V. vulnificus
have not definitively explained virulence. Phenotypic traits have traditionally been used as
markers of virulence in microbiology and often rely on the presence of virulence associated
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structures such as a capsule, the bacterium’s ability to metabolize a specific substrate, or grow
under various conditions. To date, the only definitive virulence factor in V. vulnificus is a capsule
which has many functions both inside and outside of a host (38, 39). However, most isolates
recovered from the environment express a capsule (40). Yet, other phenotypic traits have been
correlated with virulence as well.
Sialic acid is abundant in the human gut and some enteric pathogens can utilize this
resource (5, 41). The ability to use sialic acid as a sole carbon source has been associated with
clinical V. vulnificus specimens and heightens virulence during the colonization of the intestine
(5, 41). Mannitol fermentation has also been considered a virulence identifier/correlate for
Staphylococcus aureus and V. vulnificus but its function in virulence is unknown (5, 36). During
an infection, mannitol has been shown to increase pathogen survival during phagocytosis by
acting as an antioxidant (42). S. aureus is capable of mannitol synthesis de novo and other
bacteria (e.g. V. vulnificus) that ferment mannitol may synthesize mannitol as well (43, 44).
However, not all phenotypic markers of virulence seem logical in the context of human infection.
For example, mannitol fermentation in the context of human colonization is puzzling because
mannitol, while abundant in nature, is not present in animals (reviewed in (45)). Production of
mannitol could act to protect pathogens from oxidative and osmotic stress in the environment
and indirectly support a virulent phenotype when a human is infected.
Colonizing a host includes more than being able to utilize it for nutrients. Changes to the
pathogen’s microenvironment, during infection, must not only be tolerated but support bacterial
growth and proliferation. Optimal V. vulnificus growth rates at human body temperatures and
physiological pH have been reported (46). All three biotypes were tested and biotype 1, the
causative agent for virtually all human infections, had the fastest growth rate among isolates

5

tested. The ability of V. vulnificus to thrive under conditions found in the human host contribute
to its pathogenicity yet still is not predictive of virulence.

Classic understanding of DNA methylation in bacteria: It has been argued that DNA
modifications in prokaryotes were limited to the restriction and modification systems (RMS) and
DNA miss match repair. DNA RMS within bacteria have been studied since the early 1950’s
when bacterial host susceptibility to phages was observed to change (47). Restriction systems
were first identified and later methylation was found to be the means for controlling specificity
(48–50).
These RMS were observed to function as regulators of phage susceptibility in multiple
species. Methylases within an RMS recognize specific DNA sequences (e.g. GmANTC) and
methylate a nucleotide within it (typically adenine or cytosine). A corresponding restriction
endonuclease recognizes the same site as the methylase and creates a double stranded break if
the DNA is not methylated (47, 51). Phage DNA, or plasmids, lacking the appropriate
methylations are degraded upon entering a cell containing an active RMS. Decades later, the
ability of adenine methylation to direct DNA miss match repair in bacteria was established (52).
In 1986 it was observed that DNA methylation elevated the expression of dnaA in E. coli and
contributes to cell cycle regulation (53). Despite some early evidence of DNA methylation
regulating gene expression in prokaryotes, the field did not gain as much interest as eukaryotic
methylation and remained relatively unexplored.

Epigenetic regulation of virulence: Epigenetic regulation of virulence in bacteria is an emerging
field and has been used to identify virulence characteristics in some bacteria. Epigenetic
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modifications of DNA in bacteria include genomic methylation (methylome) of cytosines,
adenines, and phosphorothioation (54–56). In eukaryotes 5-methylcytosines typically occur in a
CpG context (high density of 5’-CG-3’ on a single strand). Typically, CpG sites around
promoters (CpG islands) remain un-methylated in vertebrates, while being methylated away
from promoters, but can suppress gene transcription when heavily methylated (57–60).
Methylation in the promoters can directly affect RNA polymerase’s ability to bind DNA and
begin transcription as well as other effects (61–64). For example, DNA methylation in
vertebrates and plants has been associated with silencing of mobile genetic elements (60, 65–67).
In Arabidopsis thaliana decreased gene transcription was correlated with either very high or low
methylation and short genes were disproportionately affected by methylation status (68).
In contrast to the general methylation of CpG in vertebrates, CpG are often unmethylated
or have reduced methylation in prokaryotes (69, 70). Immune cells are capable of detecting
unmethylated CpG in bacterial DNA, which then activates several types of immune cells,
resulting in increased clearing or resistance to infection (70–72). Potentially, by reducing CpG
frequency, or increasing methylation of CpG sites, pathogenic bacteria could reduce the host’s
immune response. In one study, more than 3000 bacterial genomes were surveyed for CpG
quantity. No reduction in frequency between pathogens and non-pathogens was observed except
for a few species including the obligate pathogen Mycoplasma penetrans (73). However, this
study did not include methylation status of CpG. It is also possible that CpG methylation changes
between pathogenic and free-living states in opportunistic pathogens and detailed analyses need
to be conducted.
DNA methylation has been shown to influence gene transcription in several bacterial
species (55, 74, 75). Recently it has been documented that classical RMS can also affect gene

7

transcription and enable the host to respond to its environment (76). Based on local
environmental conditions, methylase gene transcription can be regulated, which could affect
transcription of other genes that are controlled by DNA methylation (77). Effects of environment
on DNA methylation and correlations with phenotype have been studied in plants; varying salt
levels (a stressor) induced changes in DNA methylation in multiple species (57, 78, 79).
A simple and well-studied example of virulence under the control of DNA methylation
has been demonstrated in E. coli. Expression of pili is a virulence factor in some species of
bacteria and in E. coli the pyelonephritis-associated pilus (pap) operon is regulated by
methylation of two sites upstream of the gene (74). Maintenance of the on or off methylation
state is determined by selective pressures. The pilF gene in V. vulnificus encodes a pilus that is
associated with virulence and it, or other pilus related genes, may be regulated by DNA
methylation as well. Potentially, inducible methylation within bacteria could be a means to adapt
to stressors or support pathogenicity.
Anjum et al. (2016) reported that expression of a type IIG restriction-modification system
in C. jejuni was phase variable (76). Expression of the methylase significantly increased C. jejuni
attachment and invasion of Caco-2 cells (human epithelial cells), prevent phage infection, and
increase biofilm formation (76). Four methylases within the opportunistic pathogen Bibersteinia
trehalosi were not expressed under culture conditions used for sequencing and appear to be
regulated by short sequence repeats potentially enabling adaptation through phase variation (77,
80). Bacterial phase variation of methylases increases phenotypic diversity to enable adaptation
of at least some sub-population without the fitness cost associated with high mutation rate
associated adaptability (81).
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A review of methylation within bacteria has also revealed widespread virulence
regulation in many pathogenic species including Clostridioides difficile, Enterococcus faecium,
Mycobacterium tuberculosis, Neisseria meningitides, Neisseria gonorrhoeae, Salmonella
enterica, Streptococcus pyogenes, and Streptococcus pneumoniae (81–83). Depending on the
target sequence and extent of methylation, gene transcription can be enhanced or repressed due
to altered DNA structure (84). Dam, a DNA adenine methylase present in
Gammaproteobacteria, methylates adenine in “GATC” sequences and is essential for survival of
Vibrio spp. (85). In V. cholerae Dam methylates sequences around the chromosomal origins of
replication and, when mutated, resulted in cell death (85). Dam methylation was shown to be
important for mismatch repair, and its deletion resulted in a higher mutation rate in V. cholerae
(85). Loss of methylation in Deinococcus radiodurans has also been associated with increased
mutation rates (86). In E. coli Dam is not essential, but under antibiotic stress dam mutants had a
significantly lower survival rate (87). In a similar fashion to Dam, CcrM in Alphaproteobacteria
recognizes and methylates “GANTC” sites (88). Genes related to replication and motility appear
to be the most heavily regulated by CcrM methylation (89).
Streptococcus pneumoniae, an opportunistic human pathogen, contains a restriction
modification system (SpnD39III) that can methylate several different DNA motifs, resulting in
phase shifting (90). An alternative to the multiple methylation motifs available to SpnD39II was
observed in Mycobacterium tuberculosis. Mutations in methylase genes in M. tuberculosis
resulted in heterogeneity of methylation and gene transcription within a clonal population (91).
This was caused by partial activity of the methylase, due to the mutations, and was identified in
multiple methylase genes and clinical isolates. Recently, a methylase (CamA) in C. difficile was
found to be associated with clinical strains and was necessary for proper spore formation which
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is essential for pathogenesis (92). In Brucella abortus deletion of the methylase CcrM abrogated
its virulent phenotype, possibly by disrupting the cell cycle (75). Similarly, overproduction of
Dam in Yersinia pseudotuberculosis increased production of virulence proteins but attenuated
virulence in mice (93). The over expression of Dam may have resulted in dysregulating virulence
and growth related genes by altering their methylation status. Potentially, a similar regulatory
mechanism is present in V. vulnificus with high virulence potential.
DNA methylation also been implicated in virulence in V. cholerae. The VchM cytosine
methylase of V. cholerae has been shown to enhance growth in infected mice (94). Interestingly,
almost all recognition sites in the V. cholerae genome remained methylated through all phases of
growth and during infections, indicating that only a few sites may be regulated by methylation.
Conversely, cytosine methylation in E. coli K12 varied with growth phase and was highest
during stationary phase (95). Comparison of two V. cholerae biotypes (classical and El Tor) with
vchM mutants revealed that 79 genes in both strains were differentially expressed. Several of the
differentially expressed genes were related to iron metabolism and transcription of these genes
was reduced, regardless of biotype, when grown in LB Miller broth. Colonization of mouse
intestine was also reduced compared to the wild type (94). Vibrio vulnificus is a ferrophilic
bacterium and high serum iron concentrations are considered a risk factor for human infection
(96). Transcription of genes related to iron acquisition in V. vulnificus may be regulated by DNA
methylation as well, at least in part, but this relationship is currently unknown. However, the
ferric uptake regulator (Fur) regulates multiple iron related genes in bacteria and methylation
alters Fur’s ability to bind DNA and affect transcription (97). Identification of methylation
motifs (including their locations) and their methylases is necessary to determine if they are
serving as more than a bacterial immune system.
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Regulation of putative virulence-associated genes in V. vulnificus: Changes in V. vulnificus
gene transcription have been reported by Williams et al. (2014) and several genes that may
contribute to a virulent phenotype were upregulated in human serum compared to seawater (98).
However, the underlying mechanism(s) responsible for the observed changes in gene
transcription were not investigated. Upregulation of the putative virulence factor rtxE was
observed when V. vulnificus cells were exposed to INT-407 human intestinal epithelial cells (22).
This indicates V. vulnificus has the ability to recognize cells and upregulate genes associated
with virulence. The ability of V. vulnificus to colonize diverse habitats including water,
sediments, oysters, invertebrates, plants, fish, and humans provides an excellent platform to
study the relationship between physiological challenges, epigenetic modification, and phenotype.
Each niche poses different challenges in terms of physio-chemical conditions (e.g. salinity),
nutrient acquisition, exposure to predators, and host immune systems.

Anthropogenic effects on V. vulnificus: Annually, billions of gallons of sewage enter the
environment with the largest spills resulting from sanitary sewer overflows (SSOs) proceeding
heavy rains (99). These SSOs, and storm water runoff, result in high levels of dissolved organic
carbon (DOC), nitrogen (N), phosphate (P), heavy metals, and sub-inhibitory concentrations of
antibiotics to enter the environment and serve as a source of nutrients, and stressors, for
prokaryotes and eukaryotes (100–103). Both algae and pathogenic Vibrio spp. (e.g. V. cholerae,
V. parahaemolyticus, and V. vulnificus) have been reported to proliferate following heavy storms
(104–108). Due to V. vulnificus containing both clinically- and environmentally-associated
genotypes, the possibility exists that sewage could alter the natural genotype ratios.
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There is a lack of research on sewage directly affecting V. vulnificus but some studies
have shown that genotypes can independently respond to environmental cues including salinity
and temperature (109, 110). While sewage can serve as a source of nutrients, the chemical
composition (i.e. stress inducing compounds such as antibiotics and heavy metals) may also
cause changes in virulence gene transcription and the pathogenic potential of microbes.
Environmental conditions altering virulence expression has been documented for multiple
species and abiotic conditions including: temperature (111–113), salinity (109, 114), carbon
sources (115–117), nutrients (109), heavy metals (118), and antibiotics (117, 119, 120).
Together, these factors have the potential to not only allow V. vulnificus to proliferate but to also
alter its virulence potential.

Research chapters: Objectives of the dissertation
Chapter 2: Changes in DNA methylation of the highly virulent human pathogen V. vulnificus
strain CMCP6 genome under conditions representative of free-living in the environment or
human infection using single molecule real time sequencing (SMRT).

Rationale: DNA methylation may play a role in gene transcription modulation and the
environment-to-host transition. Information on DNA methylation of the V. vulnificus
genome is lacking, therefore the DNA methylation status of clinical strain V. vulnificus
CMCP6 was compared when the bacteria were cultured in human serum or seawater.

Methodology: V. vulnificus CMCP6 was grown in human serum and sterile natural
seawater and DNA was extracted. SMRT sequencing was performed on extracted DNA
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to generate genomic DNA sequence and methylation data. DNA methylation was
analyzed to identify DNA locations and frequencies of methylation and identify
methylation sequence motifs present in each treatment. Methylation data were then
compared between treatments.

Hypothesis: V. vulnificus CMCP6 has active methylases which will differentially
methylate the genome in response to environmental conditions.

Chapter 3: Analysis of changes in genomic methylation and determination of the environment
and methylation’s contribution to gene transcription in Vibrio vulnificus.

Rationale: The mechanisms behind the greater frequency of human infections by type
16S B/vcgC (clinically-associated) V. vulnificus strains compared to type 16S A/vcgE
(environmentally-associated) strains is unknown but may be related to differential
regulation of genes. Differences in methylation identified in Chapter 2 were further
investigated to determine which methylases contribute to the observed differences in
methylation and if a specific methylation type contributes to observed changes in gene
transcription.

Methodology: DNA methylation data from Chapter 2 were analyzed in depth to find
differences in methylation within the whole genome and specific genes. DNA
methylation sequence motifs, identified in Chapter 2, were associated with methylase
genes using gene sequence homology and published DNA methylation motifs of closely
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related enzymes when available. Changes in genomic methylation frequency associated
with each methylation motif were investigated at the global level and for specific
virulence- and survival-associated genes (hupA, nptA, sodA-C, and wza). Gene
transcription of select virulence- and survival-associated genes was measured by reverse
transcriptase quantitative PCR (RT-QPCR) in human serum and seawater to associate
changes in DNA methylation with transcription. Further, transcription between the wild
type V. vulnificus CMCP6 and presumptive methylase mutants was compared in human
serum and seawater. Additional environmental parameters that could affect gene
transcription in the wild type V. vulnificus CMCP6 and change between human serum
and seawater were investigated by RT-QPCR.

Hypotheses: Differences in DNA methylation of virulence- and survival-associated genes
(i.e. hupA, nptA, sodA-C, and wza) in V. vulnificus CMCP6 between human serum and
seawater exposure will result in altering gene transcription. Further, it was hypothesized
that the loss of a methylase that contributes to methylation of an investigated gene will
alter the gene’s transcription.

Chapter 4: Examination of the effects of sewage on V. vulnificus growth and gene transcription.

Rationale: Studies have shown that Vibrio spp. can proliferate after anthropogenic
nutrients (i.e. sewage and runoff) and that the increase in quantity correlates with
increased risk of infections. Sewage may pose an additional risk to human health over
promoting V. vulnificus growth by promoting the growth of the clinically-associated 16S

14

type B genotype or by increasing transcription of genes which are transcribed during an
infection. The extent to which sewage affects the growth and gene transcription in V.
vulnificus, and the nutrients responsible for the changes, is unknown and may contribute
to future human health risk assessment analyses.

Methodology: Environmental populations of V. vulnificus were exposed to sewage using
a flow through bioreactor and batch culture to determine changes in the concentration of
V. vulnificus, as measured by culture and QPCR. Changes in environmentally- and
clinically-associated genotypes (16S rRNA genotypes A and B respectively) were
measured by QPCR. Nutrient-limited microcosms were then used to determine how
specific nutrients contribute to the growth of V. vulnificus. The effect of sewage on the
transcription of virulence- and survival-associated genes (i.e. hupA, nptA, sodA-C, and
wza) was investigated using RT-QPCR.

Hypotheses: Sewage can act as a source of nutrients to promote V. vulnificus growth and
genotype ratios will change in response to sewage. Nutrients in sewage will increase the
transcription of virulence- and survival-associated genes.
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CHAPTER 2: COMPARISON OF DNA METHYLATION IN VIBRIO VULNIFICUS
GROWN IN HUMAN SERUM VS SEAWATER

Abstract
The chromosomal methylation status of the highly virulent Vibrio vulnificus strain
CMCP6 grown in human serum or seawater is compared here. Growth in seawater resulted in
~4x as much methylation as human serum, primarily N4-methylcytosines.

Introduction
The virulence of Vibrio vulnificus is poorly understood and the only definitive virulence
factor is the presence of a capsule (38, 39, 121). DNA methylation has been implicated in the
virulence of several other bacterial species (75, 76, 87, 94). Changes in methylation sites may
enable bacteria to respond to changes in their environment by altering gene expression (76, 77,
90). We hypothesized that the transition from aquatic habitat to infection in a human could
require altered DNA methylation, which we explored by growing the bacterium in human serum
amended with iron (to mimic hemochromatosis) or seawater (98). Here, we have sequenced the
methylome of the highly virulent and well studied V. vulnificus strain CMCP6
(NCBI:txid216895) which was originally isolated from an infected patient in Korea (122).
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Methods and results
Bacteria were grown to late exponential phase in brain heart infusion broth, pelleted, and
re-suspended in phosphate buffered saline pH 7.5 (repeated once to wash cells). Normal pooled
human serum (MP Biomedicals) was amended with ferric citrate to a final concentration of 0.896
mM Fe (118). Seawater (pH 7.8, salinity 2%) was collected from Hudson Beach, FL and
sterilized using a hollow fiber ultrafilter (Rexeed 25-S). Cultures were established at a starting
concentration of 107 CFU/ml in 10 ml of serum or 40 ml seawater, and were shaken for 210 min
at 37°C and 30°C respectively. DNA was extracted with a Blood and Cell DNA Mini kit
(Qiagen).
Preparation of 10 kb libraries and sequencing was performed at the National Center for
Genome Resources in Santa Fe, NM. Each sample was sequenced on two single-molecule realtime (SMRT) cells using PacBio RS II (P5-C3 chemistry). De novo genome assembly proceeded
with all four SMRT cells using RS_HGAP_Assembly.3 in SMRT Analysis 2.3.0 with default
parameters resulting in >1.3M mapped subreads (average subread length 2053bp) and eight
contigs (six spurious) (123). Two contigs corresponding to chromosomes one and two (124),
total length of 5,199,228 nucleotides (46.75% GC and 499.3x coverage, QV=48.7), were
obtained. The assembled genome was either 72,430 nucleotides or 72,532 nucleotides longer
than the V. vulnificus CMCP6 genomes on Integrated Microbial Genomes & Microbiomes and
NCBI respectively.
Methylated bases and motifs were identified in the de novo assembly using
RS_Modification_and_Motif_Analysis with default parameters (modification QV=30). All
identified methylated motifs had > 70 or 180 fold coverage in human serum and seawater
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respectively (Table 1). Seawater treatment resulted in ~4x as many methylated bases (primarily
N4-methylcytosine) compared to human serum (447389 vs. 142369).

Data availability
The whole genome sequencing data have been deposited at the Sequence Read Archive
under the project accession number PRJNA503483. GenBank genome accession numbers are
CP037931 and CP037932 for chromosomes one and two respectively. Accession numbers for
the raw sequencing reads of V. vulnificus CMCP6 are SAMN10360788 and SAMN10360789 for
human serum and seawater respectively.

Table 1. Motifs detected in human serum and seawater using SMRT Analysis v2.3.0. Modified
bases are bolded: A = N6-methyladenine (m6A), C = N4-methylcytosine (m4C). Methylated
bases on the complementary strand are underlined.

Percent Modified
Human
Serum Seawater

Number in
Genome

Motif Score
Human
Serum Seawater

Motif

Type

GATC

m6A

98.74

98.89

44386

111.96

239.94

GCCAN9TCC

m6A

98.32

98.32

537

109.05

242.73

GGAN9TGGC

m6A

97.39

97.58

537

109.26

239.93

AKGYAVYW

m6A

18.80

na

6283

48.53

na

AKGYASYW

m6A

na

27.58

3985

na

68.71

ADDTRGCAD

m6A

18.54

22.16

2956

47.74

69.04

CSNNNNNG

m4C

6.67

na

264532

47.59

na

CWGNNVNG

m4C

3.98

na

50788

43.90

na
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CHAPTER 3: ANALYSIS OF CHANGES IN GENOMIC METHYLATION AND
DETERMINATION OF THE ENVIRONMENT AND METHYLATION’S
CONTRIBUTION TO GENE TRANSCRIPTION IN VIBRIO VULNIFICUS

Foreword
This chapter contains the majority of information used for a manuscript that is in
progress. Methylase mutants were prepared by Jane Jayakumar at UCF. This version has had Dr.
Moreno’s and Jane’s contributions removed. The complete and current version to be submitted
for publication is in the Appendix.

Abstract
Vibrio vulnificus is an emerging pathogen that is autochthonous in warm coastal waters.
Infections from contact with seawater or after ingestion of raw oysters can result in severe
wound infections and septicemia with up to a 50% mortality rate. Clinically-associated
genotypes correlate with infections yet do not possess distinct virulence genes that
environmentally-associated genes lack. Differential DNA methylation occurs in the pathogenic
V. vulnificus strain CMCP6 upon exposure to human serum and seawater and may contribute to
its ability to transition to a human host by altering transcription of virulence- and survivalassociated genes (i.e. hupA, nptA, sodA-C and wza). Significantly reduced methylation across
gene coding sequences, intergenic space, rRNA, and tRNA genes between V. vulnificus grown in
human serum or seawater was observed including the six investigated genes. Using putative
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methylase knockout mutants, we discovered that deletion of the putative N4-methylcytosine
methylase (ΔdcmA) resulted in significantly elevated transcription of wza and nptA in seawater
and all genes except wza in human serum. Temperature, salinity, and pH close to that of human
blood (37°C, 10 ppt, and pH 7.5 respectively) either did not decrease transcription of the
investigated genes or significantly increased transcription (sodA-C and hupA). These results
support the contention that V. vulnificus CMCP6 modulates the transcription of several
virulence- and survival-associated genes using methylation. Studies involving additional clinical
and non-clinical strains and genotypes will elucidate the broader role of methylation and its role
in virulence expression.

Introduction
Vibrio vulnificus is an opportunistic human pathogen with a high mortality rate
approaching 50% in persons with certain conditions, and the genetically distinct vcgC/16S rRNA
tybe B subpopulations cause the majority of human infections (3–5, 7, 125, 126). Cases in the
U.S. have been rising since 1996 and will most likely continue to rise with the aging population
and warming coastal waters (12). Despite the severity of the infections, no distinguishing
virulence factors have been identified to predict virulence, except for the presence of a
polysaccharide capsule (127–129). The ability to transition between environments may
contribute to survival in unstable estuarine ecosystems and to the pathogenicity of the clinicallyassociated genotypes. These genotypes may regulate gene transcription in a manner more
conducive to the environment-to-host transition. Epigenetic regulation of virulence in bacteria is
an emerging field, but has not been previously investigated for involvement with virulence or
environmental transition in V. vulnificus.
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DNA methylation has the potential to be a virulence mechanism for pathogens that lack
defined virulence genes by augmenting gene expression in response to environmental cues (61–
64, 87, 93, 94, 130). This occurs through changes in methylation in response to the environment
and subsequent downstream effects on gene transcription. DNA methylation has been implicated
in the virulence of V. cholerae in which both cytosine and adenine methylation are important for
virulence regulation and survival under stressful conditions (94, 131). Cytosine methylation in E.
coli K12 varied with growth phase and was highest during stationary phase where it may act to
modulate gene transcription (95). Currently, the capsule is the only true virulence factor required,
by V. vulnificus, for infection with higher levels of expression increasing infectivity but is
present in both clinically- and environmentally-associated genotypes (127–129). Therefore,
regulation of virulence- and survival-associated genes may be more important for virulence
within clinically-associated V. vulnificus than the presence of unique virulence genes.
Previous research has demonstrated V. vulnificus biotype one grows optimally at human
body temperature and salinity which occur in human blood (10 ‰)(46). High serum iron
concentrations are considered a risk factor for human infection and V. vulnificus has multiple
genes involved with iron uptake (96). Williams et al. (2014) reported numerous genes associated
with virulence were upregulated in the human serum treatment including iron acquisition related
genes (98). Low iron induces expression of a heme uptake receptor (hupA) enabling acquisition
of iron from lysed blood cells (132). This iron is quickly sequestered by bacteria to support
growth. Iron superoxide dismutase in the cytosol functions to both store excess iron and protect
cells from oxidative damage. Copper-zinc superoxide dismutase (sodC) in the periplasm
scavenges superoxide, which may be created by free iron, and prevents H2O2 sensitivity (133).
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Human infections, by V. vulnificus, often begin in the intestine, after ingestion of raw
oysters, and spread rapidly to the blood stream causing septicemia which results in the highest
mortality rate (7, 16). High levels of V. vulnificus can accumulate in oyster digestive tissues and
post-harvest processes can select for clinically associated strains which may reduce the efficacy
of the treatment and still enable infections (20, 134). In V. vulnificus, the manganese superoxide
dismutase (sodA) (Mn SOD) was essential for survival during low pH induced oxidative stress
which could contribute to the survival and colonization of the bacteria after ingestion of
contaminated oysters (17). Further, average stomach pH of Crassostrea virginica is pH 5.5
which may induce acid tolerance (18, 19, 21) and increase survival in the human stomach. Acid
stimulation of sodA expression may contribute to the most lethal form of V. vulnificus infection
which often develops after consumption of raw oysters.
The dual roles that SODs play in environmental adaptability and during infection is
intriguing as it represents a means to support virulence without a typical virulence factor (e.g.
toxins or cytolysins). Reactive oxygen species (e.g. superoxide) are used as a killing mechanism
by grazing protists (135–138) and oyster hemocytes (similar to macrophages) which V.
vulnificus encounters in the environment (139). These environmental pressures may select for
strains with a higher virulence potential in humans due to overlapping bactericidal mechanisms
in humans (i.e. oxidative burst in macrophages and neutrophils).
The methylome of V. vulnificus CMCP6 (6)showed that genomic methylation is dynamic
and can respond to the environment and may contribute to gene transcription regulation (6).
Here, our objectives were to expand on the published methylation data with respect to virulence
associated genes and to tease apart specific environmental factors that affect the transcription of
the investigated genes. We hypothesized that methylation of investigated genes in human serum
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and seawater would decrease with elevated transcription. We further hypothesized that individual
environmental parameters (e.g. temperature, salinity, pH, etc.) encountered during infection
would enhance transcription of genes related to survival and virulence. We tested this hypothesis
by culturing V. vulnificus CMCP6 under varying environmental conditions in Luria-Bertani broth
and comparing gene transcription using reverse transcriptase quantitative PCR (RT-QPCR) in
wild type vs. deletion mutants.

Methods
Strains and culture conditions: Vibrio vulnificus CMCP6 was grown in Luria Bertani Miller
broth (1% NaCl) pH 7.5 (LB) (Fisher Scientific) and incubated at 37°C with shaking. Cells used
as an inoculum for experiments were grown to late exponential phase in LB and harvested at a
density of 108 -109 CFU/ml and added directly to broth culture experiments or centrifuged and resuspended in PBS before addition to seawater and serum culture vessels.

Genome annotation and analysis: The whole genome sequence obtained from Chapter 2 was
annotated using RAST (http://rast.nmpdr.org/). Potential methylated base interactions with RNA
polymerase in the promoter were identified by targeting the sigma 70 binding sites. Sigma 70
binding sites were determined for each gene of interest in the 150 bp upstream region of the
coding sequence using BPROM (http://www.softberry.com)(140). Potential methylase encoding
genes were obtained from REBASE (rebase.neb.com) and used for a BLAST search to identify
closely related genes, some of which had published methylation motifs.
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Human serum and seawater: V. vulnificus CMCP6 and methylase mutants (kindly provided by
Jane Jayakumar in Dr. Salvador Moreno’s lab, University of Central Florida) were used for gene
transcription analyses in seawater and human serum. Normal pooled human serum (MP
Biomedicals) (9.8 ml) was pre-warmed to 37°C in a 15 ml conical tube and amended with 100 μl
8.96e-2 M ferric citrate to a final concentration of 8.96e-4 M Fe to mimic hemochromatosis
(118). Seawater (pH 7.8, 20 ‰ salinity) was obtained from Hudson Beach, FL and filter
sterilized with a hollow fiber ultrafilter (Rexeed 25-S). Microcosms consisted of 40 mL of sterile
seawater in a 50 mL conical tube. CMCP6 cells, grown to late exponential phase in LB, were
washed by pelleting a fresh culture, re-suspending it in PBS, and repeating once more. Washed
CMCP6 cells (100 μl) were added to each serum and seawater microcosm, in triplicate, to reach
a starting concentration of 107 CFU/ml. The inoculated human serum and seawater were
incubated for 210 min at 37 and 30°C, respectively, with shaking before RNA extraction.

Environmental parameters: Several environmental parameters were independently adjusted to
determine their effect on gene transcription. Bacteria were exposed to temperatures of 25, 30,
and 37°C, salinities of 1, 2, 3% NaCl, and pH 5.5, 7.5, 8. Stationary phase cultures were obtained
by incubating cultures for 24 h at 30°C. Microcosms, in triplicate, consisted of 20 ml of LB (pH
7.5 1% NaCl) in a 150 ml flask inoculated with CMCP6 cells to a starting concentration of 107
CFU/ml and incubated at 30°C on a shaker table (150 rpm) with only one parameter being
changed per experiment. Cultures were harvested during exponential phase at an approximate
density of 108 CFU/ml (NanoDrop 2000 optical density at 600 nm of 0.09-0.12) except for the
stationary phase culture.
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RNA extraction: Aliquots (1 mL) from microcosms were centrifuged at 10,000 * g, decanted,
and immediately used for RNA extraction. RNA for RT-QPCR was purified using a Quick RNA
Miniprep Kit (Zymo). Following extraction, RNA was subjected to a second DNase treatment
using a TURBO DNA-free Kit (Invitrogen). RNA was immediately quantified using a Qubit
RNA High Sensitivity kit (Invitrogen). An aliquot of RNA was diluted to 10 ng/μl for use in RTQPCR. RNA preparations were stored at -80°C.

Gene transcription analysis: Changes in gene transcription under different treatments was
assessed by RT-QPCR. We designed QPCR primers for four virulence- and survival-associated
genes (hupA and sodA-C) that have several methylated bases in V. vulnificus CMCP6. Primers
were designedusing the IDT PrimerQuest Tool (http://www.idtdna.com/Primerquest) using
default parameters except: optimal product length of 100 bp, primer Tm of 62°C, no “G” base at
5’ end, and a GC clamp on the 3’ end (Table 2). We used Thermo Scientific™ Verso™ 1-Step
RT-QPCR Kits with low ROX (Thermo Scientific) for one step reverse transcription and QPCR
analysis using 20 µL reactions consisting of 1x master mix (including reverse transcriptase and
enhancer), 2 μl of template (20 ng total RNA), 0.15 µM of each primer (Table 2), and the
following conditions: 1 cycle of 50°C 15 min, 95°C 15 min followed by 40 cycles of 95°C 15 s
and 60°C 30 s. RNA was tested for gDNA contamination by performing RT-QPCR as described
but without reverse transcriptase (no enzyme control-NEC). If amplification in the NEC occurred
>5 CT than with reverse transcriptase then the RNA was acceptable for gene transcription
analyses (141). Fold gene transcription was calculated using either the 2-ΔΔCT (142, 143) or 2-ΔCT’
method when no reference gene could be used (143). Reference genes were selected by
performing the alternate calculation method to determine if the selected gene was 1) not
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significantly differentially transcribed between treatments and 2) there was a <3 fold difference
in transcription of the gene.
Multiple reference genes were used depending on the parameter tested. An internal tufA
control (121) was used for temperature, salinity, and pH experiments. The manganese superoxide
dismutase (sodA) was used to compare growth phases. The 2-ΔCT’ method was used to compare
strains grown in human serum and seawater.
Table 2. Genes and primers used in this study.

Target
GAPD
H

hupA

nptA

sodA

sodB

sodC

tufA

wza

Primer
Name
(F)
gapdh F

Primer
Sequence (F)
5'-3'
TGAAGGCG
GTAACCTA
ATCG

Primer
Name
(R)
gapdh
R

Primer
Sequence (R)
5'-3'
TACGTCAA
CACCGATT
GCAT

hupA_F
1

CATGTCCC
GGATTGTC
ATAG

hupA_R
1

ACAAGGTA
GCGCAAGA
AG

This study

qNptA2
_F

TTTCTCTT
GGCCACGT
ACGCTGTA

qNptA1
_R

(144)

Manganese
superoxide
dismutase
Iron
superoxide
dismutase
Superoxide
dismutase
[Cu-Zn]
precursor
Elongation
factor

sodA_F
1

CCCACGCG
ATTCAAGA
AA
TCATGTAG
TCTGGACG
TAGG
AGATCGCC
AAGGTGAT
TG

sodA_R
1

GCCGAACA
TCATTTCC
AAAGGAA
GG
CACCCTCT
TTGACCAC
TAAC
ACACCAAT
CACTGAAG
AAGG
AGACGGCA
AAGTGGTA
TTAG

tufA_R

wza_F

TAGATCGA
TTGCACGC
TCTG
GGATAGAT
GTGAGCCG
GGTA

(121)

Capsular
polysaccharid
e transporter

TTCCCAGG
TGATGACC
TACC
AGACGATT
TGGCTTAC
ATGG

Function
Glyceraldehy
de 3phosphate
dehydrogenas
e
TonBdependent
heme and
hemoglobin
receptor
Sodium
phosphate
cotransporter

FeSOD
_F1
CuZnS
OD_F1

tufA_F

FeSOD
_R1
CuZnS
OD_R1

wza_R
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Reference
(98)

This study

This study

This study

(121)

Statistical analyses: Statistical tests were performed in R (v 3.5.1) using the package multcomp
and Graphpad Prism v8. Comparison of genome wide fractional methylation of bases between
treatments, for each methylase, was performed using a Welch Two Sample t-test. Fractional
methylation was compared by ANOVA and Tukey’s HSD tests between each treatment and the
average genome coding sequence (using a random subset n=50 dam and n=300 dcmA) for each
gene using the R package multcomp. ANOVA followed by Tukey’s HSD tests were performed on
fold transcription to compare gene transcription under the various treatments using the 30°C
exponential phase culture grown in LB (1% NaCl, pH 7.5) as the control for experiments using
LB broth. Gene transcription in the wild type strain of V. vulnificus CMCP6 grown in seawater
was used as the control group for experiments comparing seawater and human serum.

Methylation analysis: We determined the methylation status of genes in Table 1, as well as
additional genomic methylation data, by merging the annotated genome with methylation
position data in R. Genes encoding methylases responsible for the observed methylations were
searched for in the online database REBASE (rebase.neb.com). Genes with similar published
motifs, and a high (>90%) gene coding sequence similarity, to the queried V. vulnificus CMCP6
were used to putatively assign motifs to V. vulnificus CMCP6 methylases. PacBio methylation
analysis files (project accession PRJNA503483) generated from (6) were used while additional
cytosine methylation sequence motifs were searched for using Motif Finder
(https://github.com/PacificBiosciences/DevNet/wiki/MotifFinder) (v1.0.0.21).

Gene enrichment analyses: Significantly enriched gene ontologies (GO) were identified using
Blast2GO. First, genes that contained a methylated motif present in seawater, or serum, but not
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in the other treatment were extracted. This list of genes was then divided by methylation motif. A
local protein BLAST database (nr) was constructed and integrated with Blast2GO. GO analysis
was then conducted using the standard pipeline suggested by Blast2GO. Accordingly, a list of
methylated genes for a particular motif was loaded, BLASTed, Interpro scanned, mapped,
followed by GO Slim, all using default parameters. A fisher’s exact test was performed using V.
vulnificus CMCP6 Refseq annotation file downloaded from NCBI and setting it as the reference
data set.
Clusters of orthologous groups (COG) analysis was performed on the uniquely
methylated m4CHH containing genes in the seawater treatment using eggnog-MAPPER V2
(http://eggnog-mapper.embl.de/). COG categories were assigned to the identified genes as well
as to the reference V. vulnificus CMCP6 proteins used in the GO analysis.

Results
Sequencing and methylation: All protein coding sequences, r/tRNA genes, and intergenic space
(including promoters) had higher methylation in the seawater treatment group than in human
serum (Fig. 1). Many of the modified bases detected (methylated or unknown) were present in
motifs (Table 3). Methylase genes in V. vulnificus CMCP6 published on REBASE were
putatively assigned to the observed methylation motifs based on >99% nucleotide sequence
identity with published methylases with known similar methylation sequence motifs (6). This
assignment of methylation motifs indicated Dam methylase and the provisional assignment of a
motif to the Type 1 restriction modification system VvuORF2031P here termed hsd for “host
specificity of DNA” and M.VvuORF2031P termed hsdM for the methylase gene (Table 3) (145).

29

Log10 Methylated Bases

6

*

Serum
Seawater

*

4

*
2

*

0

CDS

Intergenic

rRNA

tRNA

Genomic Category
Figure 1. Genomic methylation of the virulent V. vulnificus strain CMCP6. The quantity of
methylated bases of bacteria grown in human serum (gray bars) or seawater (white bars) were
plotted for coding sequences (CDS), intergenic space, rRNA genes, and tRNA genes. Asterisk
indicates a χ2 significant difference in the quantity of methylated bases between treatments.

An abundance of N4-methylcytosines (m4C) were detected during sequencing but a
definitive methylation sequence motif could not be resolved and no closely related methylases
with published methylation motifs could be identified. Further, it is unknown if
M.VvuORF20710aP is an orphan methylase or part of an undiscovered restriction-modification
system. Therefore, M.VvuORF20710aP was termed dcmA (DNA cytosine methylase). No m4C
motifs encompassing the majority of m4C were detected during the initial methylation analysis.
Three short motifs which are not part of the SMRT Modification and Motif pipeline and are
associated with cytosine methylation in eukaryotes were subsequently analyzed (Table 3) (58,
78, 146–149). The greatest change in methylations per kilobase occurred with the m4C motif
CHH which had 5.5x more methylations/kb in the seawater treatment than serum (Table 3).
Methylated CHH motifs in the seawater treatment resulted in several GO terms associated with
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the ribosome and nitrogen metabolism (Fig. 2 A). A follow up COG analysis was performed on
the uniquely methylated CHH identified from the GO analysis. Genes with an unknown function
(category S) appeared to be over represented in the seawater treatment (Fig. 2 B). Translation
associated genes (category J) were also over represented which is consistent with the GO
categories that were identified. However, amino acid and transport (category E) related genes
appeared to be under represented in the seawater treatment (Fig. 2 B).

Table 3. Quantity of methylated motifs per kilobase of gene coding sequences in seawater and
human serum. Methylated bases are bolded and opposite strand underlined: N6-methyladenine or
N4-methylcytosine. H = A, T, or C.
Methylations per
kilobase

Motif
GATC
GCCAN9TCC
GGAN9TGGC
Nonspecific
m6A
CG
CHH
CHG

# methylated/# genome

Seawater
9.03

Human
Serum
8.87

Seawater
43892/44386

Human Serum
42780/44386

0.11

0.11

528/537

519/537

0.10

0.10

524/537

507/537

0.21

0.15

6062/2716137

4409/2716137

38.22

11.53

206074/588250

84551/588250

25.01

4.55

222157/1411563

72355/1411563

17.04

3.80

128980/424812

44192/424812

Putative
REBASE
Methylase
Dam
hsdM
(M.VvuOR
F2031P)
Unknown

dcmA
(M.VvuOR
F20710aP)

Methylation of virulence- and survival-associated genes: Methylation within six targeted genes
and their RNA polymerase sigma 70 binding sites in their promoter regions were investigated to
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see if methylation could affect gene transcription. More methylated bases, but with lower
observed fractional methylation of each base, were detected in the gene coding sequences and
promoters of all genes in the seawater treatment group when compared to the human serum (Fig.
3).
Methylation in the gene coding sequences was compared to determine if the treatments
had a significant effect on each methylation motif. Serum treatment resulted in a significantly
higher nucleotide methylation fraction for dam (p < 2.2e-16), hsd (p < 5.09e-07), and dcmA (all
m4C) (p < 2.2e-16) associated methylation motifs in the total gene coding sequences (e.g.
seawater resulted in 2/4 methylated bases being detected 80% of the time while serum resulted in
1/4 methylated bases being detected 90% of the time) (Fig. 3). This observation can be seen
where the quantity of dam methylation, in select genes, is similar but the fraction of times the
bases are methylated is higher in the human serum treatment (e.g. Fig. 3 A wza). Five of the six
selected genes did not have an hsd motif present with wza containing a single methylated motif
in both treatments (not shown).

Methylation’s role in regulating gene transcription during environmental transition: Vibrio
vulnificus CMCP6 and CMCP6 methylase mutants Δhsd and ΔdcmA were grown under the same
conditions used for SMRT sequencing to determine changes in gene transcription and
corresponding methylation. Growth in human serum resulted in significantly increased
transcription of Cu-Zn SOD, Fe SOD, Mn SOD, wza, and tufA in the wild type strain but not
hupA or nptA (Fig. 4).
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Figure 2. Gene ontology (GO) and clusters of orthologous groups (COG) analyses of genes that
had a m4CHH motif present only in seawater. The percent of all proteins assigned to each GO
(A) or COG category (B) in the V. vulnificus CMCP6 genome (gray bars) was compared to the
percent of genes containing m4CHH in the seawater treatment (white bars).
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Figure 3. Fraction of times a methylated base position was detected as methylated (bars, left
axis) and the quantity of methylated nucleotides detected (circles, right axis) when V. vulnificus
CMCP6 was grown in human serum (gray bars, black circles) or seawater (white bars, open
circles). Methylation was divided by association with a methylase A) dam and B) dcmA in V.
vulnificus CMCP6. Asterisks represent a significant difference in the methylated base fraction
between treatment groups.

34

Growth in human serum and seawater affected the transcription of most genes in the wild
type V. vulnificus CMCP6. When the methylase knockout mutants grown in human serum and
seawater were included in analyses, no tested gene could be used as a reference gene for RTQPCR (Fig. 4). The wild type and both mutant strains tended to have higher transcription of each
tested gene in human serum compared to seawater (Fig. 4). The ∆dcmA mutant grown in serum
had significantly higher transcription of more of the tested genes than either the ∆hsd (5/7) or
wild type (6/7) in serum (Fig. 4). Interestingly, transcription of the Fe SOD in the ∆hsd mutants
increased nearly 60x that of the wild type grown in seawater despite lacking an associated
methylated motif in the promotor or coding region when grown in serum or seawater (Fig. 4).
Transcription of most genes was not significantly different from the wild type for the ∆dcmA and
∆hsd mutants when grown in seawater (Fig. 4) despite the apparent abundance of N4methylcytosines (Table 3).

Environmental conditions found in a human host favor transcription of some virulence- and
survival-associated genes: Numerous changes in gene transcription were observed when
comparing growth in seawater and human serum but the contributions of temperature, salinity,
and pH during the transition are unclear. Temperature had a significant, and biologically relevant
(>3 fold difference), effect on transcription of the Fe and Cu-Zn SODs which increased almost
linearly in response to temperature but not for the other genes (Fig. 5 A). Salinity appeared to
have little effect on gene transcription as few significant interactions were observed. Notably,
Mn SOD and hupA transcription decreased with increasing salinity (Fig. 5 B).
Three pH were compared (pH 5.5, 7.5, and 8) to represent ecologically relevant
conditions. The first pH 5.5 represents the oyster gut (21). This low pH induced the-
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Figure 4. Effects of human serum (HS) and seawater (SW) on gene transcription in V. vulnificus
CMCP6. Wild type strain (wt), type I restriction modification knockout mutant (∆hsd), and
putative N4-cytosine methylase knockout mutant (∆dcmA). A) manganese (Mn), and copper-zinc
(Cu-Zn) superoxide dismutases (SOD) respectively, hupA, and nptA. B) Fe SOD, tufA, and wza.
Error bars represent standard deviation of the mean between replicates. Significant differences
between means within treatments indicated by “*” (p<0.05). Note differences in scale between
panels A and B.
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transcription of the Cu-Zn SOD and nptA (Fig. 5 C). Human blood has a pH ~7.5 (150) and
coastal waters are around pH 8. Interestingly, hupA and Mn SOD transcription decreased at both
low and high pH (Fig. 5 C). However, the observed change in hupA transcription may not be
biologically relevant (<3 fold). The effect of stationary phase on gene transcription was
investigated and resulted in significantly higher transcription of CuZn SOD (10.8 fold) and nptA
(118.8 fold) in stationary phase compared to log phase.

Discussion
Sequencing and methylation: Here we examined the methylome of the pathogenic V. vulnificus
strain CMCP6 and attempted to find changes in the methylation and transcription of select genes.
Williams et al. (2014) reported significant differences in gene transcription when V. vulnificus
was exposed to seawater vs. human serum but the mechanisms responsible for the observed
changes remained elusive (98). Higher levels of methylation in all six investigated genes were
observed when V. vulnificus was grown in seawater vs. human serum and there was a
corresponding decrease in the observed gene transcription. Abundant methylation can indicate
reduced gene transcription by altering physical properties of DNA (63), interfering with RNA
polymerase (64), or through indirect effects (e.g. recruiting proteins to block transcription) (151).
The seawater used here contained very low levels of nutrients from the environment
compared to the relatively nutrient rich human serum. Growth in the seawater was virtually nonexistent (data not shown) and it is probable that cells entered stationary phase or became viable
but non-culturable. Gene transcription tends to decrease during stationary phase due to reduced
levels of nutrients and cytosine methylation was found to be important in the downregulation of
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genes during stationary phase (152). Importantly, several genes related to ribosome synthesis are
upregulated in the absence of methylation during the transition to stationary phase and during
stationary phase (152). Here, several significantly enriched GO terms, and COG, associated with
ribosomes and nitrogen metabolism had methylated CHH motifs in the seawater treatment group,
potentially suppressing their transcription. Interestingly, COG category E was not enriched in the
seawater treatment which appeared to contradict the observed GO results. However, many of the
category E genes that were included appeared to be related to protein synthesis (e.g. lyases)
opposed to the few transporter genes that were included. Potentially, transporter genes had
reduced representation as they may needed to scavenge for extracellular sources of amino acids
and peptides. This indicates that the CHH motif may have a greater regulatory role than the
others. This was partly due to few differentially methylated genes included in the statistical
analyses.

Gene transcription in human serum and seawater: We previously published the methylome of
V. vulnificus CMCP6 which showed that DNA methylation is capable of changing in response to
the environment but we did not know if the methylation was associated with gene expression (6).
All investigated genes (including reference genes) had more methylated bases in the seawater
treatment than in the human serum treatment which reflected the methylation observed in Fig. 1.
This indicated the potential for down regulation of gene transcription in the seawater treatment
compared to the human serum. Transcriptome sequencing V. vulnificus grown in human serum
vs. seawater resulted in ~50-60% of significantly differentially transcribed genes being down
regulated in seawater (98). We would have expected a higher percent of down regulated genes in
the seawater treatment given our observed levels of methylation.
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Here, the transcription of wza, an essential virulence factor, was increased in human
serum compared to seawater which is in agreement with in vivo expression of other capsule
related genes (38, 153). wza had higher levels of methylation within the promoter and coding
sequence in the seawater treatment than in the serum. However, multiple genes are involved in
capsule synthesis and phase variation which may be influenced by methylation (32, 154).
Potentially, phase variation of capsule, and other putative virulence genes, could be partially
regulated by methylases, which can be phase-variable as well, as has been shown in multiple
pathogenic species (155).
hupA was not up regulated in the wild type strain in human serum in contrast to previous
research showing elevated expression in human serum (98). This may have resulted from the
inclusion of ferric citrate to mimic hemochromatosis, lack of heme, and repression by Fur (113).
Expression of nptA has been associated with virulent strains of V. vulnificus with low salinity (10
‰) and elevated pH (pH 7.5-8) supporting its transcription (144). Here, transcription of nptA
was expected to increase in human serum yet transcription was highest in seawater. The highest
levels of nptA transcription were observed during stationary phase which was most likely
representative of the seawater culture. Expression of nptA, and other phosphorus uptake systems,
enables Staphylococcus aureus to optimally grow under diverse environmental conditions (high
pH and low phosphorous) and enhances virulence (156). Phosphate could be stored in
polyphosphate granules, as in V. cholerae, which would also allow for growth during phosphate
limitations (157). The elevated transcription of nptA observed here may facilitate phosphorus
acquisition in at the relatively low concentrations in seawater. Further, accumulation and storage
of phosphate may promote rapid growth when additional carbon becomes available such as when
entering a human host.

40

Environmental parameters affecting gene transcription: Seawater and human serum are
disparate environments with many changing variables. Previously, Williams et al. (2014)
exposed V. vulnificus CMCP6 to human serum and seawater and measured (98). Temperature,
salinity, and pH change when V. vulnificus transitions from the environment to a human host and
may have contributed to the observed changes in gene transcription. We tested the individual
contributions of temperature, salinity, and pH on gene transcription to tease apart their effects.

Temperature: First, changes in virulence gene transcription in response to temperature were
assessed to determine if a temperature could enhance transcription of genes associated with
virulence. Higher temperatures were expected to increase the transcription of most genes and
three out of six genes had significantly higher transcription at 37°C. Transcription of vvhA,
encoding a hemolysin, has been show to increase at human body temperature compared to 26°C
(158). Virulence of Shigella spp. increased at 37°C, compared to 30°C, which resulted from the
temperature dependent expression of one or more virulence factors (159). Similarly, expression
of a virulence fimbria was regulated by temperature and showed high levels of expression at 3840°C potentially increasing pathogenicity during a fever (160). V. vulnificus hupA has been
shown to increase expression in response to temperature, peaking at 40°C (113). However, this
result was not observed here potentially due to differences in sampling and culture conditions.

Salinity: Changes in salinity can stress cells and the optimal salinity for V. vulnificus is <3%
(46). Previously, expression of nptA had been shown to decrease in response to elevated salinity
(10 vs 30 ‰ salinity at 37°C) (144). This was not observed here which may be due to a different
culture medium and a significant effect of elevated temperature decreasing nptA transcription.
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Salinity has been shown to affect gene expression in other Vibrio spp. and motility decreased at a
physiologically relevant salinity of 10 ‰ compared to that of seawater (24 ‰) (161) and which
could have an effect on V. vulnificus virulence as well (162). In the related species Vibrio
anguillarum, a shift in salinity from a high (15 or 30 ‰) to low (8 ‰) salinity increased the cell
affinity for an attractant (representative of a virulence factor)(163).

pH: Here Mn SOD transcription decreased in both the low and high pH. This contrasts with the
observed increased expression of Mn SOD by Kim et al. (2005) in low pH media (17). This
could be differences in experimental design and measurement strategies. pH shifts can induce
transcription of virulence factors such as cholera toxin in V. cholerae or prime cells for higher
stress tolerance (164–167). Low pH induced the expression of the Cu-Zn SOD (located within
the periplasm) which is a cell’s first line of defense against exogenous and endogenously
produced periplasmic superoxide (133). The abundance of Cu-Zn SOD in the periplasm may
improve survival against macrophages and Cu-Zn SOD production has been associated with the
virulence of multiple pathogens (133, 168, 169). pH caused no significant differences in Fe SOD
transcription, or wza, consistent with previous results (17).

Growth phase: While all other experiments performed here were conducted during late
exponential phase, stationary phase may be more representative of cells resting or growing
slowly in the environment due to a lack of nutrients (170, 171). The increased transcription of
Cu-Zn SOD during stationary phase, observed here, may be related to its protective effects from
endogenously produced superoxide when entering stationary phase and from exogenous
superoxide (e.g. macrophage oxidative burst) (133). Stationary phase has been reported to
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increase the expression of the putative virulence factor vvpE in V. vulnificus (158). Transitioning
from stationary phase to infection may increase the chemotactic response, and potentially
virulence, in a similar manner to V. anguillarum (163). Heightened transcription of nptA also
occurred during stationary phase and most likely serves the same functions as discussed in the
seawater treatment. These changes in gene transcription may facilitate survival and the
environment-to-host transition (158, 163).

Conclusions: Associations between methylation and gene transcription are still unclear. Causal
relationships, between gene transcription and methylation, need to be determined through
additional sequencing under less disparate conditions to minimize the number of differentially
methylated sites and find key regulatory methylation sites. Inclusions of methylase knockout
mutants will be critical for determining methylation’s role in both virulence and survival when
outside of a host. Additionally, human serum does not equate to a human host and lacks several
aspects of a host’s defense systems and nutrients. Incorporation of eukaryotic cell culture in
virulence assays and mouse infection models will be important for better establishing
methylation’s role in the environment-to-host transition and virulence. These findings will help
us better understand alternative mechanisms of virulence in pathogens lacking typical virulence
factors.
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CHAPTER 4: SEWAGE PROMOTES VIBRIO VULNIFICUS GROWTH AND ALTERS
GENE TRANSCRIPTION

Abstract
Vibrio vulnificus is a naturally-occurring, potentially lethal pathogen found in coastal
waters, fish, and oysters, which are the primary source of foodborne infections. Sewage spills
occur when infrastructure fails due to severe storms or age, and may affect coastal bacterial
populations by altering nutrient levels. This study investigated effects of sewage on natural V.
vulnificus populations in microcosms containing estuarine water amended with 1% wastewater
influent. Wastewater addition caused greater than tenfold increases in V. vulnificus in water from
Tampa Bay, Florida, (e.g. 8.12 x 104 + 1.03 x 104 GC/100 mL vs. 8.93 x 106 + 2.50 x 105
GC/100 mL). Nutrient-limited microcosms demonstrated that organic carbon and nitrogen in
wastewater contributed to maximal growth. The population structure in Tampa Bay water was
predominantly 16S rRNA A (environmentally-associated), and B genotypes (clinicallyassociated), and increased in proportion upon incubation. Addition of wastewater stabilized the
type A fraction. Changes in the transcription of six virulence- and survival-associated genes in
response to sewage were assessed using a continuous culture and reverse transcriptase QPCR.
Exposure to wastewater affected the oxidative stress response by modulating superoxide
dismutase transcription. This condition significantly increased sodB transcription and repressed
sodA; however, it had no effect on sodC and the putative virulence-associated genes hupA, nptA,
or wza. Current trends of increased coastal urbanization, combined with more numerous storms,
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will lead to more frequent sewage spills impacting the environment. These spills may lead to
increased infections from previously uncommon autochthonous pathogens by increasing their
population density or promoting the growth of clinically-associated genotypes.

Introduction
Every year in the U.S., billions of gallons of sewage are discharged into the environment
and recreational waters as a result of storms, infrastructure failure, or chronic leaks from aging
infrastructure (99). Sewage contains an abundance of allochthonous human pathogens which
pose a direct risk to recreational water bathers and also contaminate aquatic fisheries (99, 172–
174). Sanitary sewer overflows (SSOs) that often occur after heavy rains overwhelm local
infrastructure, and may impact microbial communities if it enters local water bodies. Sewage and
runoff contain high levels of dissolved organic carbon (DOC), nitrogen (N), phosphate (P),
heavy metals, and sub-inhibitory concentrations of antibiotics which contribute to eutrophication
and degraded water quality (100, 101). These nutrient pulses could further degrade local water
bodies by stimulating the growth of autochthonous bacteria including human pathogens such as
the leading cause of seafood borne illness fatalities, Vibrio vulnificus (175).
Algal blooms have been observed following heavy storms, or sewage discharge, and
have been correlated with proliferation of Vibrio spp. perhaps resulting from increased DOC and
other nutrients (104–106). Pathogenic Vibrio spp., (e.g. V. cholerae, V. parahaemolyticus, and V.
vulnificus) have been observed to proliferate following these events as well (104, 107, 108). Yet,
Vibrio concentrations were not found to correlate with fecal indicator bacteria in Apalachicola
Bay, FL (176). One study documented increased levels of V. parahaemolyticus with greater input
of wastewater treatment plant (WWTP) effluent in Narragansett Bay, RI (177).
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V. vulnificus is an opportunistic human pathogen that is closely related to the pathogens
V. cholerae and V. parahaemolyticus (178). Humans are typically infected with V. vulnificus
after eating contaminated oysters, which can result in septicemia and up to a ~50% mortality (8).
Exposure of wounds to estuarine water or animals (e.g. shellfish or fish) can result in cutaneous
infections and necrotizing fasciitis, which may necessitate limb amputations (8). Naturallyoccurring V. vulnificus populations consist of three major biotypes; biotype one causes the
majority of human infections (179, 180).
Within biotype one, V. vulnificus is grouped into clinically-associated (16S rRNA B or
vcgC) and environmentally-associated (16S rRNA A or vcgE) genotypes with both 16S rRNA
A/B and vcgC/E typing methods being used frequently with a high degree of concordance (3, 4,
110, 125). The clinically associated-genotype 16S rRNA B genotype is isolated from the
majority of human infections and is correlated with more severe disease outcomes compared to
the environmentally-associated 16S rRNA A genotype (3, 125, 126). Typically, the
environmentally-associated genotype (16S rRNA A) is frequently recovered from the
environment with a broad range in its genotype frequency (3, 37, 110, 181). Increases in the
vcgC genotype proportion were found to be seasonally dependent and associated with both
higher water temperatures and salinity (37, 110). Some studies have found that the clinically- and
environmentally-associated genotypes respond independently to changing environmental
conditions such as phosphate concentration, salinity, and temperature (109, 110) while one did
not find a difference during post-harvest processing of oysters (182).
The diverse components of sewage may directly affect the pathogenicity of
autochthonous pathogens by altering the expression of virulence genes. Expression of virulence
genes in bacteria has been shown to respond to environmental conditions including temperature
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(111–113), salinity (109, 114), carbon sources (115–117), nutrients (109), heavy metals (118),
and antibiotics (117, 119, 120). Sewage represents a source of numerous organic carbon
molecules (102) and metals (103). Iron is found in high concentrations in wastewater and can be
a limiting nutrient in seawater for algae (183, 184), but also is potentially toxic, inducing
oxidative stress in bacteria (185, 186). Antioxidant-related changes in gene expression have been
shown to promote survival and virulence under acid stress and phagocyte engulfment in V.
vulnificus and Salmonella enterica (17, 187). Sewage, through multiple mechanisms, may
indirectly increase pathogen infectiousness by altering the expression of genes related to
virulence and the environment-to-host transition.
This study’s purpose was to investigate the effects of sewage on V. vulnificus using both
laboratory cultures and natural populations of bacteria present in estuarine water and tidallyinfluenced creek water around Tampa Bay, FL. The objectives were to 1) determine if sewage
can serve as a nutrient source for autochthonous V. vulnificus populations; 2) determine if V.
vulnificus 16S rRNA A and B genotypes respond differently to sewage input at an
environmentally-relevant level; 3) identify which nutrient(s) in sewage contributes to V.
vulnificus growth; and 4) determine if sewage alters the transcription of virulence- and survivalassociated genes.

Methods
Strains and culture conditions: Vibrio vulnificus strain CMCP6 was maintained on LuriaBertani (Difco) agar and cultured in Luria-Bertani broth (LB). Broth cultures for inocula in
nutrient microcosm and gene transcription experiments were grown 20-24 h at room temperature
(22°C) in LB broth.
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Sample collection and processing: Sewage influent was collected from Falkenburg Advanced
Wastewater Treatment Plant, Tampa, FL and frozen at -20°C until it could be filter sterilized.
Sewage was sterilized using a Rexeed 25-S hollow fiber filter (Asahi Kasei). Estuarine water
was collected from Ben T. Davis Beach (BTD) Tampa, FL 27°58’12.9’’N, 82°34’42.9’’W
(salinity 22 ‰) and used to construct microcosms within 4 h of collection. Tidally influenced
stream water was collected from Bullfrog Creek (BFC) Tampa, FL 27°50’17’’N, 82°22’55’’W
(salinity 19 ‰). Sterile estuarine water from BTD and BFC for the continuous culture, V.
vulnificus population structure microcosms, and the nutrient-limited microcosms was prepared
by hollow fiber filtration as above.

Bioreactor culturing to assess the effect of sewage on V. vulnificus growth: An Infors HT-II
bioreactor with a maximum volume of 1 L was employed in a flow-through configuration to
mimic natural water flow and dilution while maintaining continuous nutrient inputs. Estuarine
water containing an autochthonous population of V. vulnificus measured at 3.23 x 103 GC/100
mL by QPCR of the vvhA gene was collected from Ben T. Davis Beach Tampa, FL and used to
fill the 1 L bioreactor and 10 L reservoir (pH 7.9, salinity 16 ‰). The sewage treatment was
amended with 1% (vol/vol) of sterile sewage and 3.0 mg/L glucose while the control culture
received 1% sterile estuarine water and 3.0 mg/L (16.7 µM) glucose. The 3.0 mg/L glucose
supplement was included to mimic natural levels of organic carbon found in estuarine water
(188). The bioreactor pH was set to 7.9, temperature 30°C, dissolved oxygen >80%, and 150 rpm
stir rate with a flow rate of 1 L/d. Sterile sewage and glucose, or water and glucose for the
control, were dosed every 30 min, which equated to 1%/d sewage, or water, and 3.0 mg/L/d
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glucose. The concentration of V. vulnificus was monitored daily by filtering 50 mL of the culture
through a 0.45 µm nitrocellulose filter. Filters were stored at -80°C until DNA extraction was
performed using a Power Water DNA Extraction Kit (Qiagen) followed by quantitative PCR
(QPCR) targeting vvhA and 16S A/B genotypes (3, 189).

Microcosm studies to assess the effect of sewage on V. vulnificus concentrations and
population structure: Initial microcosms were constructed in triplicate using conditions similar
to those used with the bioreactor experiment. In triplicate, microcosms were constructed with
water from BTD and amended with 3 mg/L glucose, 1% sewage, or unamended (control).
Microcosms were incubated at 30°C with shaking at 140 rpm 20-24 h. Culturable V. vulnificus
were then enumerated by membrane filtration by filtering 1 mL of serially diluted culture
through 0.45 µm nitrocellulose membrane filters and plating on modified cellobiose-polymyxin
b-colistin agar (mCPC) (190). Plates were incubated at 37°C for 22-24 h and then counted.
Microcosms to test effects of sewage on the V. vulnificus population structure were
constructed containing 500 mL of freshly collected water from BFC (pH 7.2, salinity 19 ‰) and
were amended with 1% sewage or sterile water. Changes in the structure of natural V. vulnificus
populations over time were assessed by successively subculturing to fresh microcosms at total
elapsed times of 4 h and 8 h, and sampling at 0, 4, 8 and 24 h. Initial microcosms were
constructed in quadruplicate using 500 mL of water and were amended with either 1% sterile
sewage or sterile water from BFC. Microcosms were incubated for 4 h at 30°C with shaking at
150 rpm and then subcultured by making a 1:10 dilution into a fresh group of microcosms
containing filter-sterilized water from BFC. This process was repeated at 8 h. Two hundred
milliliters of water from each microcosm was concentrated by membrane filtration at 0, 4, 8, and
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24 h and processed for DNA extraction (filtration and DNA extraction conducted as previously
described in this work). QPCR was performed targeting vvhA (189) for total V. vulnificus, and
16S rRNA A and B genotypes (3) to assess population structure. All primers were purchased
through Integrated DNA Technologies (the reverse of the reverse 16S rRNA A and B primer
sequences were used) (Table 4). vvhA QPCR was conducted using 20 µL reactions and the
master mix consisted of 1x Gotaq Sybr green master mix (Promega), 0.9 µM of each primer and
5 µl of template. The QPCR protocol consisted of holding samples at 50°C for 2 min, followed
by denaturation at 95°C for 10 min and then 40 cycles of: 95°C for 15 s and 60°C for 1 min. 16S
rRNA A and B QPCRs were conducted using 20 µl reactions and the master mixes consisted of
1x Gotaq Sybr green master mix, 1 µM of each primer, 0.1 mg/mL bovine serum albumin, and 5
µl of template. Cycling conditions were as follows: denaturation at 95°C for 10 min and then 40
cycles of: 95°C for 20 s, 60°C for 30 s, and 72°C for 25 s (110). All QPCR reactions were
performed using a Biorad CFX96 instrument. Data from the 16S rRNA B assay performed at the
24 h time point was excluded from analysis as not enough replicates could be used for statistical
analyses.

Microcosms to assess effects of nutrients supplied by sewage on V. vulnificus growth: The
specific nutrients available to support growth of V. vulnificus in sewage was assessed by
culturing V. vulnificus CMCP6 in defined media lacking a carbon, nitrogen, or phosphorus
source, and measuring growth after 22-24 hours by QPCR. Control (nutrient-replete)
microcosms contained 20 ml of modified M9 minimal media consisted of 50 mM tris HCl (pH
7.5), 10 mM NH4Cl, 0.1 mM CaCl2, 1 mM MgSO4, 1 mM KH2PO4, 0.1 mM ferric citrate
(C6H5FeO7), 10 ‰ NaCl, and 11.1 mM (2 g/L) glucose. Nitrogen (N), phosphorous (P), and
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carbon (C) limited media were prepared by omitting NH4Cl, KH2PO4, or glucose from M9
media. Sewage treatments received 1% (vol/vol) sterile sewage. For comparison with natural
conditions, microcosms containing sterile estuarine water were prepared, and to assess growth
potential in sewage, microcosms containing undiluted sewage amended with NaCl to a salinity of
10 ‰ were used. All microcosms were prepared in triplicate. V. vulnificus CMCP6 inoculum
was grown at room temperature for ~22 h in LB and diluted to 102-103 CFU/mL in phosphate
buffered saline (pH 7.4) (191). A 100 µL aliquot of diluted culture was added to each 20 mL
microcosm to reach a starting concentration of 100-101 CFU/mL and incubated at 37°C with
shaking at 150 rpm for ~22 h. Cultures were filtered, DNA was extracted, and bacteria were
quantified using QPCR of vvhA as specified above.

Effects of sewage on virulence- and survival-associated genes: Changes in transcription of six
virulence- and survival-associated genes (sodA-C, hupA, nptA, and wza) by V. vulnificus CMCP6
in response to sewage were performed using an Infors-HT II bioreactor in a chemostat
configuration. Defined minimal medium containing 23.3 mM Na2HPO4, 11 mM KH2PO4, 9.35
mM NH4Cl, 85.6 mM NaCl, 1 mM MgSO4, and 2.25 mM glucose (0.405 g/L) with pH adjusted
to 7.5 was used as a growth medium. The 1 L culture vessel and 4 L reservoir were filled with
medium and the bioreactor was set to pH 7.5, temperature 37°C, dissolved oxygen >70%, 150
rpm stir rate, and a flow rate of 3 L/d. The V. vulnificus CMCP6 inoculum was grown at room
temperature for ~22 h in LB and 1 mL of culture was added to the bioreactor to reach a starting
concentration of 106 CFU/mL. After inoculation, the bioreactor was run continuously for 48 h
prior to sampling the control. Sampling of the control culture (no sewage added) occurred thrice
over the course of 4 h. After sampling the control culture, the nutrient reservoir was replaced
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with minimal medium amended with 1% (vol/vol) sterile sewage and allowed to run for another
48 h. After 48 h, the sewage treatment was sampled as before.
Immediately after each sample collection RNA was extracted using a Quick-RNA
Miniprep Kit (Zymo) followed by a dnase treatment using a TURBO DNA-free Kit (Invitrogen).
Briefly, RNA was diluted to 10 ng/µL and used for reverse transcriptase QPCR (RT-QPCR) of
the following genes: hupA, nptA, sodA-C, tufA, and wza (Table 4). Thermo Scientific™ Verso™
1-Step RT-qPCR Kits with low ROX (Thermo Scientific) was used for one step reverse
transcription in an ABI 7500 QPCR thermocycler. QPCR consisted of 20 µL reactions
containing 1x Verso master mix, 1 μL enhancer per reaction, 0.2 μL Verso Enzyme per reaction,
0.15 μM of each primer (Table 4), and 2 μL of template RNA (10 ng/ μL) per reaction. Cycling
conditions were as follows: 1 cycle of 50°C for 15 min followed by 1 cycle of 95°C for 15 min
followed by 40 cycles of 95°C for 15 s and 60°C for 30 s. Dnase treatment was verified using a
no enzyme control (reactions lacking Verso Enzyme). Fold gene expression was calculated using
the 2-ΔΔCT method (143) with tufA as a reference gene (192).

Statistical analyses: Statistical analyses on culturable bacterial concentrations, QPCR, and RTQPCR data were performed in R v3.6.3 and Graphpad Prism v8. A significant difference in the
ratio of 16S A:B genotypes of V. vulnificus, in the bioreactor flow-through experiment was tested
using Fisher’s Exact Test in R. ANOVA followed by Tukey’s honest significance test were
performed using Graphpad and the package multcomp in R.
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Table 4. QPCR and RT-QPCR primers used in this study.
Target Function
QPCR Primers

Primer Name

Primer Sequence 5'-3'

Reference

vvhA

FqPCR

TGTTTATGGTGAGAACGGTGACA

(189)

RqPCR

TTCTTTATCTAGGCCCCAAACTTG

vvAF1

CATGATAGCTTCGGCTCAA

(3)

vvAR2*

CACTACCACCTTCCTCACGAC

vvBF1

GCCTACGGGCCAAAGAGG

*This
study
(3)

vvBR2*

CACCTGCGTCTCCGCTG

16S
rRNA
A

16S
rRNA
B

*This
study

RT-QPCR Primers for Gene Transcription Analyses
hupA

nptA

sodA

sodB

sodC

tufA
wza

TonB-dependent
heme and
hemoglobin
receptor
Sodium
phosphate
cotransporter
Manganese
superoxide
dismutase

hupA_F1

CATGTCCCGGATTGTCATAG

hupA_R1

ACAAGGTAGCGCAAGAAG

qNptA2_F

TTTCTCTTGGCCACGTACGCTGTA

qNptA1_R

GCCGAACATCATTTCCAAAGGAAGG

sodA_F1

CCCACGCGATTCAAGAAA

sodA_R1

CACCCTCTTTGACCACTAAC

Iron superoxide
dismutase

FeSOD_F1

TCATGTAGTCTGGACGTAGG

FeSOD_R1

ACACCAATCACTGAAGAAGG

Superoxide
dismutase
[CuZn] precursor

CuZnSOD_F1

AGATCGCCAAGGTGATTG

CuZnSOD_R1

AGACGGCAAAGTGGTATTAG

Elongation factor

tufA_F

TTCCCAGGTGATGACCTACC

tufA_R

TAGATCGATTGCACGCTCTG

wza_F

AGACGATTTGGCTTACATGG

wza_R

GGATAGATGTGAGCCGGGTA

Capsular
polysaccharide
transporter

Conrad et
al. 2020

(38)

Conrad et
al. 2020
Conrad et
al. 2020
Conrad et
al. 2020
(49)
(49)

Results
Sewage promotes V. vulnificus growth and alters genotype ratios: To determine if sewage
could influence the density of autochthonous V. vulnificus, we conducted a study in a bioreactor
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in a flow-through configuration with non-sterile natural estuarine water with or without 1%
sterile sewage. The concentration of V. vulnificus was monitored for five days by QPCR. After
24 h V. vulnificus levels increased over 2 orders of magnitude to 8.93 x 106 GC/100 mL in the
sewage treatment compared to 8.12 x 104 GC/100 mL in the control (Fig. 6). However, the
quantity of V. vulnificus declined in subsequent days despite the continuous replenishment of
nutrients. The 16S A and B genotypes were also monitored to determine if changes in the
population structure occurred in response to sewage. A significant increase in the proportion of
the 16S rRNA B genotype was observed in the sewage treatment with an average of 7.2% more
16S rRNA B genotype than the control over the course of the experiment.
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Figure 6. Effect of sewage on the concentration of V. vulnificus in an autochthonous population.
The quantity of V. vulnificus was measured by QPCR of the vvhA gene, over five days. White
bars represent the control while gray bars received a 1% sewage amendment. Error bars
represent standard deviation of the technical replicates.
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We further explored the sewage-associated increase in V. vulnificus density by
conducting microcosm experiments in natural estuarine water + 1% sterile sewage. The
autochthonous V. vulnificus population grew to a significantly greater final density in the
sewage-amended microcosms in 24 h; 1.54 x 107 GC/100 mL in the sewage treatment compared
to 7.96 x 105 GC/100 mL in the control (Fig. 7). The effects of 3.0 mg/L (16.7 µM) glucose, used
in the bioreactor to simulate primary production, on the growth of V. vulnificus were also
examined to determine if the low concentration could affect culture density. Added glucose alone
caused no significant difference in growth compared to the control (Fig. 7).
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Figure 7. Growth of autochthonous V. vulnificus in response to sewage or organic carbon at a
level found in estuaries. Estuarine water was unamended (Control), amended with 3.0 mg/L
glucose (Glucose), or 1% sewage (Sewage). Error bars represent the standard deviation of the
mean between replicates and asterisks indicate a significant difference between treatments (p <
0.05).
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In order to observe dynamic changes of the two genotypes (16S rRNA A vs. B) in
response to sewage exposure in a natural V. vulnificus population, we sampled from estuarine
water microcosms at 4 h and then sub-cultured (1:10) into fresh sterile seawater with or without
1% sewage. The procedure was repeated at 8 h total elapsed time and ended the experiment at 24
h total time. These sub-culturings allowed for nutrient replenishment, space for the faster
growing genotype to grow, and the ability to observe changes during the early stages of sewage
exposure.
The total quantity of V. vulnificus in the control did not return to the initial culture density
after each sub-culturing in contrast to the higher density and more stable population observed in
the sewage treatment (Fig. 8 A). At 8 h, the quantity of V. vulnificus was significantly higher in
the sewage treatment (1.43 x 104 GC/100 mL) compared to the control (8.30 x 102 GC/100 mL)
(Fig. 8 A). This trend was also observed at 24 h (6.25 x 102 vs 7.83 x 103 GC/100 mL for the
control and sewage treatments respectively) (Fig. 8 A). The fraction of the V. vulnificus
population belonging to 16S rRNA genotype A remained high in the sewage treatment at all time
points (initial 72.0%, 64.0% after 8 h), but declined significantly in the control treatment and was
lower at each successive time point (initial 70.6%, 40.4% after 8 h) (Fig. 8 B).

Identification of nutrients in sewage that contribute to V. vulnificus growth: We explored the
effects of various nutrients found in sewage on growth of V. vulnificus CMCP6 using M9
medium modified to limit nitrogen (N), phosphorus (P) or organic carbon (C), and supplemented
microcosms with sewage to compare growth. An M9 culture containing no sources of N, P, or C
resulted in a V. vulnificus quantity below the limit of quantification (< 10 GC/mL) (data not
shown).
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Figure 8. The effect of 1% sewage on an autochthonous V. vulnificus community. Subculturing
to fresh media at 4 and 8 h was performed to allow for population growth and changes in the 16S
rRNA genotype ratios. A) Total V. vulnificus were quantified by QPCR using the vvhA gene. B)
16S rRNA genotypes A and B were quantified by QPCR and the fraction of 16S rRNA A
(environmentally-associated) genotype is represented. Error bars represent the standard
deviation of the mean between replicates and asterisks represent a significant difference between
treatments (p < 0.05).
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Growth in the NPC limited medium with 1% sewage resulted in 3.40 x 106 GC/100 mL
demonstrating the ability of dilute sewage to serve as the primary nutrient source (Fig. 9).
Addition of 1% sewage to the nutrient replete M9 resulted in a non-significant 0.07 log10 GC/100
mL increase in culture density. The density of cultures grown in undiluted sewage (2.67 x 108
GC/100 mL) was not significantly different from cultures grown in M9 (2.33 x 108 GC/100 mL).
Sewage added to C or N-limited cultures resulted in culture densities of 6.95 - 6.99 x 106 GC/100
mL, while the P-limited culture grew to a significantly higher 7.87 x 107 GC/100 mL (Fig. 9).
The addition of 1% sterile sewage to sterile estuarine water caused a significant 1.16 log10
GC/100mL increase (2.10 x 106 GC/100 mL) in V. vulnificus compared to the sterile estuarine
water (1.44 x 105 GC/100 mL) (Fig. 9).

Effects of sewage on gene transcription: The possibility that compounds in sewage could affect
the transcription of virulence- and survival-associated genes was tested using V. vulnificus
CMCP6. Vibrio vulnificus CMCP6 was maintained as an actively growing culture using a
bioreactor in a chemostat configuration with nutrient replete medium to ensure changes in gene
transcription were not due to growth rate or general nutrient status.
The culture was grown and sampled before being exposed to 1% sewage to determine
changes in the transcription of virulence- and survival-associated genes (sodA-C, hupA, nptA,
and wza). Sewage exposure significantly increased sodB (iron superoxide dismutase (SOD))
transcription 2.7-fold over the control (Fig. 10). Conversely, transcription of sodA (manganese
SOD) significantly decreased 5.4 fold upon exposure to sewage. Changes in transcription of the
remaining genes (sodC, hupA, nptA, and wza) were not significant.
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Figure 9. Growth-limiting nutrients provided by sewage were identified in batch cultures of V.
vulnificus CMCP6. Cultures were grown in nutrient replete M9 (M9), or M9 without either
added carbon (C lim), nitrogen (N lim), or phosphorous (P lim), sterile estuarine water (SW), and
sterile sewage (Sew). Treatments listed with “+ Sew” received a 1% (vol/vol) sterile sewage
amendment to growth medium. V. vulnificus was quantified by vvhA QPCR. Error bars represent
the standard deviation of the mean between replicates and differences in letters indicate a
significant difference (p < 0.05).
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Figure 10. Transcription of virulence- and survival-associated genes in response to sewage
exposure was assessed by RT-QPCR. Six genes that were included from left to right are: sodC
(Cu-Zn superoxide dismutase (SOD)), sodA (Mn SOD), sodB (Fe SOD), hupA, nptA and wza.
Cultures were grown using a bioreactor in unamended minimal medium (Control, white bars on
left) or in minimal medium + 1% sewage (Sewage, gray bars on right). Error bars represent the
standard deviation of the mean between replicates and asterisks represent a significant difference
in the mean among treatments (p < 0.05).
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Discussion
Contamination of surface waters by sewage and storm water runoff represents a public
health threat in terms of increased probability of human exposure due to an increase in the
allochthonous pathogens and degradation of water quality through nutrient loading (193–195).
The possibility that sewage promotes increased levels of autochthonous aquatic pathogens by
providing nutrients has been infrequently addressed because studies have focused on fecal
indicators, not the autochthonous populations. Sewage is often accidentally discharged into the
environment during heavy rains where storm drains and sewer systems are connected or leaking
from aged septic and sewer systems. These sources of contamination combined with spills can
result in millions of gallons of sewage contaminating the environment (196, 197). Demonstrated
increases in Vibrio spp. concentrations following storm events have been attributed to reduced
salinity and mixing of shallow and deep waters which may also cause suspension of Vibrio spp.
from sediments (33, 104, 108, 176, 198). However, the effects of sewage on autochthonous
Vibrio spp. (e.g. V. cholerae, V. parahaemolyticus, and V. vulnificus) are largely unexplored and
may represent a threat to human health from autochthonous estuarine bacteria, as higher
concentrations of pathogenic Vibrio spp. significantly increase the risk of infections (199).
This study demonstrated that low concentrations of sewage can significantly increase V.
vulnificus density. The concentration of 1% sewage used here was selected as it represents a
reasonable level of contamination following a recent, local sewage spill or chronic
contamination. We base this assessment from a review of a human associated Bacteroides
genetic marker (HF183) which is commonly used to identify sewage contamination of surface
waters (193, 200). HF183 levels of 6.31 x 105 - 6.15 x 106 GC/100 mL are present in sewage
diluted 100-fold (1%) (201–203) which is within the range of 1.80 x 103 - 6.30 x 107 GC/100 mL
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observed in moderately to severely impacted surface waters (203–207). We demonstrated that
sewage promotes proliferation of natural populations of V. vulnificus in water obtained from a
recreational beach in Florida in a flow-through bioreactor. A low level of organic carbon (3.0
mg/L) was provided to simulate the level of organic carbon from primary production in an
estuary (mean 3.07 mg/L) but was found to not affect the observed population density here
(188). Due to logistical limitations of the bioreactor, including the inability to simultaneously set
up different treatments and the temporal changes in the V. vulnificus population at BTD, which
interfered with reproducibility of the inoculum in temporally distinct bioreactor experiments,
batch microcosm cultures were used in subsequent experiments.
Here, we have demonstrated that natural populations of V. vulnificus from different
sources generally respond the same way to sewage inputs by growing to high culture densities,
but concentrations varied depending on the local population. Distinct V. vulnificus populations
(i.e. autochthonous from BTD or BFC, or clonal V. vulnificus CMCP6) all reached 106-107
GC/100 mL after ~24 h when 1% sewage was added to estuarine water, an increase of about 2
orders of magnitude compared to the controls. Unexpectedly, the initial increase in the density of
V. vulnificus was followed by a decline over extended days of incubation despite continued
addition of sewage.
After observing the significant increase in V. vulnificus population density in response to
sewage, we hypothesized that the proportion of 16S rRNA A and B genotypes would change
over time when with exposure to sewage. Each genotype has been shown to respond differently
to environmental fluctuations (e.g. temperature and salinity) in seawater and in oyster tissues (35,
37). We observed that the addition of sewage stabilized the fraction of genotype A in the
population, while the control treatment saw a relative decrease in genotype A and increase in
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genotype B. This outcome was not anticipated, as we had hypothesized that the elevated nutrient
levels contributed by sewage would benefit the clinically-associated genotype B compared to
genotype A.
Few studies have investigated the effects of anthropogenic nutrient sources on V.
vulnificus genotype ratios in the environment The proportion of clinically-associated vcgC V.
vulnificus in Chesapeake Bay oysters before and after hurricane Irene did not change, but no
nutrient measurements or indicators of sewage contamination were assessed in this study (208).
A possible explanation for the shifts in genotype we observed here is that the 16S rRNA B
genotype grows better at 30°C in the control than 16S rRNA A but if sewage is added and 16S
rRNA A is better able to use the nutrients in sewage, it stabilizes their population. An alternative
explanation is that the level of nutrients contributed by 1% sewage benefited the
environmentally-associated genotype A population, but was not high enough to stimulate growth
in the genotype B population.
We hypothesized that one or more major nutrients in sewage (carbon (C), nitrogen (N), or
phosphorous (P)) was responsible for the observed increase in growth in the sewage treatments.
We observed that both C and N were important for V. vulnificus and when either were omitted
from M9 growth did not significantly exceed the NPC limited treatment. This could, in part, be
due to the use of proteins in sewage as a primary source of C and N in the NPC limited
treatment. Use of amino acids, or peptides, as a nitrogen source would result in their assimilation
for protein synthesis. Conversely, use of freed amino acids as a carbon source would be mutually
exclusive with the freed ammonia being unusable without additional carbon inputs. Protein
concentrations in sewage are both higher and more stable than carbohydrates and would support
them serving as a major nutrient source based on our findings (209). Vibrio cholerae is capable
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of storing large quantities of phosphate, when abundant, in the form of polyphosphate granules
and V. vulnificus may as well to support growth during periods of high phosphate demand or a
lack of supply (157). We observed a 10,000 fold increase in the quantity of V. vulnificus in the P
limited + sewage treatment over the NPC treatment. The increase we observed here was far
above the 5 fold increase observed when V. cholerae was transferred from a P replete to P
deprived medium; which demonstrated the growth capacity of stored phosphate (157). This
indicates that the growth we observed was due to use of sewage as a P source. Further, the
observed growth in the P limited treatment was most likely due to the abundance of C and N
provided by the growth medium and sewage.
Sewage was shown to affect V. vulnificus proliferation here but its effects on the
expression of genes that may facilitate the environment-to-host transition were previously
unknown. We predicted that sewage would induce the transcription of several virulence- and
survival-associated genes. Elevated levels of iron in sewage were shown to increase iron SOD
transcription here while repression of manganese SOD was consistent with fur mediated
repression in the presence of iron (17). Iron SOD expression has been shown to be more
important for virulence expression in mice than either the Cu-Zn or Mn SOD while also being
upregulated in human serum (186, 210). Expression of iron SOD was also demonstrated to be an
important virulence factor in the closely related species Vibrio alginolyticus when infecting fish
(211). These data suggest that elevated transcription of iron SOD, in response to sewage, may
facilitate the environment-to-host transition and could be an important virulence factor during
human infections.
This study has shown that sewage represents a threat to human health beyond direct
deposition of allochthonous pathogens. Sewage can also alter the autochthonous V. vulnificus
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population in multiple ways by stimulating growth and increasing the transcription of at least one
virulence associated gene. Studies incorporating traditional pathogens will be important to
understand the broader impacts of sewage on waterborne pathogens and risk to human health.
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AFTERWORD

Summary
This research has established DNA methylation as a potential contributor to the survival
and virulence of V. vulnificus through 1) establishing the extent and dynamic nature of
methylation within the pathogenic CMCP6 strain, 2) demonstrating that changes in methylation
coincide with changes in gene transcription, and 3) identification of environmental conditions
associated with methylation, including anthropogenic nutrients, that have the capacity to affect
V. vulnificus population density and structure as well as gene transcription. Increased
transcription of genes in methylase mutants grown in human serum established a potential
mechanism for gene regulation within V. vulnificus populations with the potential for broader
investigations of virulence mechanisms. Identification of methylation as a contributor to the
regulation of virulence- and survival-associated genes in V. vulnificus addressed a knowledge
gap in understanding gene regulation within this opportunistic pathogen. The changes in
methylation and gene transcription further support the potential for methylation to affect
virulence during the course of an infection.
My research showed that environmental conditions more aligned to those found in the
human body tended to promote the transcription of the investigated genes. Conditions in the
environment that could promote transcription of virulence- and survival-associated genes were
investigated. Sewage, was investigated as an anthropogenic nutrient source as it can enter the
environment during warm months when V. vulnificus is active, and coincide with reduced
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salinity through dilution or rain. My findings that sewage supports the growth of V. vulnificus
and affects gene transcription addressed another knowledge gap in anthropogenic effects on the
pathogenic potential of this autochthonous opportunistic pathogen.

Future Directions
My study provided evidence that methylation modulates gene regulation in a clinicallyderived, highly virulent strain of V. vulnificus. The role of methylation in regulating transcription
of genes important in the transition from aquatic environments to the human host is as yet not
definitively determined, but further hypotheses can be developed from this work. Identifying
correlations between methylation and V. vulnificus genotypes may further our understanding of
the divergence among the clinically- and environmentally-associated genotypes; which have
been identified in multiple studies (4, 212). Genotype correlates with virulence potential but
without a known mechanism for it (126). Research investigating methylation within other
clinically- and environmentally-associated strains will be needed to determine if there is a
correlation between methylation and virulence. Identifying the locations of methylation that act
as transcriptional regulators, through single nucleotide polymorphism mutants combined with
gene expression analyses, will be critical to enable predictions of function. Further, virulence
was not directly assessed here, but creation of methylase mutants and assessing virulence
potential in mouse models will provide definitive evidence of methylation’s role in virulence.
These results have the potential to elucidate virulence mechanisms in other opportunistic
pathogens with poorly defined virulence (e.g. Listeria monocytogenes and Legionella
pneumophila) (213, 214).
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Warming coastal waters and more frequent storms are expected to continue in the future.
These conditions will result in more frequent sewage discharges into the environment and are
favorable for V. vulnificus growth. Studies incorporating the monitoring of V. vulnificus levels in
the environment in response to sewage, and runoff, will be necessary to determine how sewage
affects bacterial populations in the environment. These studies could lead to monitoring of
autochthonous pathogen abundance after sewage spills by state agencies, in addition to other
regulatory indicators and microorganisms that are currently monitored by standard methods
(215–217). Monitoring changes in V. vulnificus abundance combined with gene expression
analyses of both clinically- and environmentally-associated genotypes will be useful in
determining if anthropogenic nutrients can increase the infectious potential of V. vulnificus
populations. Together, examination of both alternative virulence mechanisms and the interaction
between the environment and host will provide a holistic view of opportunistic pathogen ecology
and pathogenicity.
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Abstract
Vibrio vulnificus is an emergent marine pathogen ubiquitous in warm coastal waters. The
bacterium has the highest mortality rate of all seafood borne human pathogens. Interestingly,
strains from specific phylogenetic clusters are more likely to be isolated from patients.
Nonetheless, to date, the traits that differentiate highly infectious strains from avirulent ones
remains obscure. We selected several bona fide clinical and environmental V. vulnificus isolates
based on host-associated phenotypes such as serum resistance or induction of macrophage
apoptosis. A comparison of their pangenomes revealed a marked increase in the abundance of
DNA modification genes in the clinical strains, particularly those involved in DNA methylation.
This indicates DNA methylation may support the transition from the environment to a human host
through gene regulation. V. vulnificus clinical strain CMCP6 was found to have lower levels of
DNA methylation in six virulence- and survival-associated genes, i.e. hupA, nptA, sodA-C and
wza, when grown in human serum compared to seawater. A cytosine methylase knockout mutant,
ΔdcmA, demonstrated a significantly higher expression of all six genes in seawater and/or serum
compared to the wild type. In addition, individual abiotic conditions associated with the human
host (high temperature, low salinity, and moderate pH) increased expression of these genes. In
conclusion, V. vulnificus clinical strains possess unique genetic adaptations such as DNA
methylation which appear to play a role in the epigenetic regulation of genes in response to
environmental cues, thereby facilitating its transition from the environment to the human host.
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Importance
Pathogen emergence requires the ability to transition from an environmental lifestyle to a
pathogenic one. Using genomic-based approaches, we sought to identify factors that support the
transition of pathogenic strains from the environment to a human host. Vibrio vulnificus, an
emergent human pathogen, lacks specific factors differentiating pathogenic strains from nonpathogenic ones. DNA methylases, gene expression regulators, were more abundant in clinical V.
vulnificus strains. Contribution of these methylases to environmental transition and gene regulation
was unknown so methylase mutants of the pathogenic V. vulnificus CMCP6 strain were developed.
Significant changes in gene expression between seawater and human serum were observed
between wild type and mutant strains. This indicated that DNA methylation is important during
the transition from an environmental lifestyle to a pathogenic one. This study opens a new area of
investigation into pathogenicity mechanisms in emergent and atypical pathogens with V. vulnificus
serving as a model organism.
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Introduction
Facultative pathogens, such as Vibrio vulnificus and Vibrio cholerae, which live in the
environment and opportunistically infect humans represent an emerging threat. These bacteria can
exhibit a range of pathogenic potential from avirulent to pandemic agents within the same species.
Their emergence requires the ability to survive the transition to the host environment and overcome
host defenses. During such transitions, a rapid change in environmental conditions such as pH,
temperature, and salinity are encountered and the ability to quickly adapt to such environmental
changes is crucial. This is accomplished by acquiring genes or effecting changes in gene
expression that promote survival in the new environment (112).

Facultative pathogens, such as Legionella pneumophila and Vibrio vulnificus, lack traditional
distinguishing virulence factors

(214, 218, 219). Typical pathogens often contain distinct

virulence genes that enable the transition to a host by enabling access to nutrients or immune
evasion. Escherichia coli O157:H7, Staphylococcus epidermidis, and Vibrio cholerae acquired
toxins, biofilm formation, and pathogenicity islands that, combined with an ability to transition to
a host, enabled pathogenicity beyond typical environmental strains (220–222). The lack of
distinctive markers to effectively determine the virulence within a species poses a major health
risk as it severely limits our ability to detect potentially pathogenic strains and assess risk.

Vibrio vulnificus, a natural inhabitant of estuarine environments, is an emergent facultative human
pathogen and source of fulminant septicemia with an extraordinary mortality rate, exceeding 50%
of infected patients (175, 223–226). An upsurge in cases and its worldwide distribution over the
past three decades, in correlation with climate change, has led to disease outbreaks in regions with
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no history of V. vulnificus infections (227–230). Models predict continued expansion of its
geographical range, in association with global warming, resulting in an increased risk of human
infections (12, 229, 231). Furthermore, novel practices such as aquaculture can lead to the
emergence of hybrid strains, as evidenced by a deadly outbreak in Israel caused by an entirely new
strain (232, 233). Due to the widespread presence of virulence factors (127–129, 219, 234) and the
high genome plasticity of V. vulnificus it is nearly impossible to identify specific markers that
differentiate highly infectious clinical strains from avirulent ones (218, 223, 234–236).

In a recent study, we performed a comprehensive genomic analysis of 113 strains of V. vulnificus
into four distinct clusters (C1-C4) (234). C1 comprised of a significantly higher percentage of
clinical strains. Using a combination of genomic and phenotypic analyses, C1 strains were found
to possess unique adaptations that appear essential for human host colonization such as a wide
spectrum of carbohydrate utilization and motility induced in the presence of mucin (234). Yet
clinical isolates could not be distinguished from environmental ones and the mechanisms
supporting pathogenicity remain elusive.

DNA methylation, influenced by environmental conditions, results in changes to gene expression
and phenotypic plasticity and may facilitate the environment-to-host transition (61–64, 87, 93, 94,
130). Differentially methylated DNA has been found to be important for regulating virulence and
survival of bacteria including E. coli and V. cholerae (94, 131, 237). Additionally, careful
regulation of methylation is required for a virulent phenotype; over expression of Dam methylase
during an infection reduces Yersinia pseudotuberculosis virulence in specific tissues (93) or pef
pilus phase variation is affected by the environment and GATC methylation in Salmonella
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typhimurium (238). Such differential regulation of genes in the environment and during infection
(17, 133, 239) may thus provide variable adaptability. This methylation induced adaptability may
contribute to the heightened virulence and emergence of pathogenic strains within a species such
as V. vulnificus strain CMCP6 which contains active methylases (6). During normal growth in the
environment V. vulnificus can experience changes in salinity due to local water movement and rain
(108, 198). In addition to swings in salinity during host colonization, potentially dramatic pH shifts
are encountered (e.g. V. vulnificus in the oyster gut pH 5.5 to the small intestine pH 6-7.4 (240)).
Adaptability during environment transition could in part be modulated through changes in core
methylase (e.g. Dam in Vibrio) binding sites among clades and be tested using integrative
approaches (241). Furthermore, horizontally acquired methylases, or genes with methylation
motifs, can allow for a range of gene regulation possibilities and can contribute to clade divergence
(242–245). It is therefore possible that epigenetic regulation of gene expression influenced by
environmental factors confers clinical V. vulnificus strains with the ability to transition from
estuarine waters to a human host where they encounter conditions favorable for colonization and
infection.

The functional role of methylation in the regulation of genes required for the environment-tohuman host transition remains unknown in V. vulnificus. The goal of this study was therefore to
investigate if the presence of methylases, and corresponding methylation, would regulate gene
expression profiles and favor environmental-to-host transition of clinical V. vulnificus strains. This
would be consistent with the general, but variable, infectiousness of V. vulnificus in mouse models
(126, 246). In the present study, we attempted to find genes associated with virulent V. vulnificus
by performing a pangenome analysis. We identified a correlation between clinical strains and DNA
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modification enzymes and hypothesized that DNA methylation supports environment-to-host
transition by regulating genes involved with virulence and survival. Genomic methylation and
gene expression in the pathogenic V. vulnificus strain CMCP6 was examined through methylase
knockout mutagenesis to determine their importance to transitioning environments and
establishing an infection. Overall, this study indicates that methylation and associated gene
regulation may confer the ability to adapt to a broad range of environments, thus enabling
environment-to-host transition of clinical V. vulnificus strains, resulting in its pathogenesis.

Methods
Strains and culture conditions. The clinical strain Vibrio vulnificus CMCP6 was grown in Luria
Bertani Miller broth (1% NaCl) pH 7.5 (LB) (Fisher Scientific) and incubated at 37°C with
shaking. Cells used as an inoculum for experiments were grown to late exponential phase in LB
and harvested at a density of 108 -109 CFU/mL and added directly to broth culture experiments or
centrifuged and re-suspended in PBS 1.0% NaCl before addition to seawater and serum culture
vessels. Microcosms, in triplicate, consisted of 20 mL of media (pH 7.5 1% NaCl) in a 150 mL
flask inoculated with CMCP6 cells to a starting concentration of 107 CFU/mL and incubated at
30°C on a shaker table (150 rpm) with only one parameter being changed per experiment. Cultures
were harvested during exponential phase at an approximate density of 108 CFU/mL (NanoDrop
2000 optical density 600 nm of 0.09-0.12) unless otherwise stated.

Methylation analysis. Sequencing data were obtained from (6) and the genome was annotated
using RAST (http://rast.nmpdr.org/) and then methylation within genomic categories was assed
using custom R scripts. RNA polymerase sigma 70 binding sites (pribnow box at -10 bp and -35
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element)

were

determined

for

each

gene

of

interest

using

BPROM

(http://www.softberry.com/berry.phtml?topic=bprom&group=programs&subgroup=gfindb)(140)
. Briefly, a 150 bp sequence upstream of each gene was obtained from IMG.JGI
(https://genome.jgi.doe.gov/) and used as an input for BPROM. Genes encoding methylases
responsible for the observed methylations were searched for in the online database REBASE
(rebase.neb.com). Identified genes were BLASTed on REBASE.

Genes with similar published motifs, and a high (>90%) gene coding sequence similarity, to the
queried V. vulnificus CMCP6 methylase gene were used to putatively assign motifs to V. vulnificus
CMCP6 methylases. PacBio methylation analysis files were re-analyzed and additional cytosine
methylation

sequence

motifs

were

searched

for

using

Motif

Finder

(https://github.com/PacificBiosciences/DevNet/wiki/MotifFinder) (v1.0.0.21).

Gene ontology analysis. Significantly enriched gene ontologies (GO) were tested for using
Blast2GO. First, genes that contained at least one methylated motif present in seawater, or serum,
but not in the other treatment were extracted. This list of genes was then divided by methylation
motif. A local protein BLAST database (nr) was constructed and integrated with Blast2GO. GO
analysis was then conducted using the standard pipeline suggested by Blast2GO. Accordingly, a
list of methylated genes for a particular motif was loaded, BLASTed, Interpro scanned, mapped,
followed by GO Slim, all using default parameters. A fisher’s exact test was performed using V.
vulnificus CMCP6 Refseq annotation file downloaded from NCBI and setting it as the reference
data set.
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Pangenome analysis. The differences in the overall gene content of both clinical and
environmental strains were examined through pangenome analysis (Table 1A). First, all the
predicted proteomes of each genome belonging to a specific group with a 90% amino acid identity
cut‐off were clustered using CD‐HIT (247). Next, pangenomes of both groups were compared in
order to remove clusters that were present in both pangenomes (cut‐off of 75% identity), while
those sequences that were unique were further analyzed using CD‐HIT‐2D (247). Finally, the
proteins were functionally annotated against the SEED Subsystems database (248), using
DIAMOND (blastp option, top hit, ≥ 50% identity, ≥ 50% alignment length, E‐value <10−5).

Mutant construction. In-frame deletions of methylase genes were constructed via homologous
recombination using primers and plasmids and strains (Tables 1 and 2). PCR was used to amplify
two approximately 500 bp fragments upstream and downstream of the gene of interest. The
fragments were digested for each mutant and were then ligated into the SphI-XbaI digested suicide
vector, pDS132, and electroporated into Escherichia coli strain β2155, a diaminopimelic acid
(DAP) auxotroph. The E. coli β2155 strains harboring the cloned plasmids were conjugated with
V. vulnificus strain CMCP6 on LB plates containing 0.3 mM DAP (Sigma-Aldrich, St. Louis, MO).
The V. vulnificus CMCP6 transconjugants, containing the plasmid, were selected on LB plates
containing 2% (wt/vol) NaCl and chloramphenicol (Cm) (25 μg/mL), without DAP. CmR colonies
(8-10 colonies per mutant) were grown overnight in the absence of antibiotics to excise the
plasmid, and serial dilutions were plated on LB plates containing 2% (wt/vol) NaCl and 10%
(wt/vol) sucrose to select for plasmid excision. Potential mutants were screened by PCR using
primers flanking the deletion construct and putative deletions were subsequently confirmed by
Sanger sequencing (GENEWIZ, AT, GA) (Table 2A).
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Environmental parameters. Several environmental parameters were independently adjusted to
determine their effect on gene expression. Bacteria were exposed to temperatures of 25°C (cool
water), 30°C (warm water), and 37°C (human body temperature). Three salinities of 1%, 2% or
3% (wt/vol) NaCl were used to represent human blood and a range of seawater respectively, and
a range of pH 5.5, 7.5, and 8 which represent the oyster gut (249), human blood (150), and seawater
respectively. Stationary phase cultures were obtained by incubating cultures for 24 h at 30°C.

Normal pooled human serum (MP Biomedicals) (9.8 mL) was pre-warmed to 37°C in a 15 mL
conical tube and amended with 100 μL 8.96e-2 M ferric citrate to a final concentration of 8.96e-4
M Fe to mimic hemochromatosis (118). Seawater (pH 7.8, 2% salinity) was obtained from Hudson
Beach, FL and filter sterilized with a hollow fiber ultrafilter (Rexeed 25-S). Microcosms consisted
of 40 mL of sterile seawater in a 50 mL conical tube. CMCP6 cells were washed by pelleting a
fresh culture, re-suspending it in PBS, and repeating once more. Washed CMCP6 cells (100 μL)
were added to each serum and seawater microcosm, in triplicate, to reach a starting concentration
of 107 CFU/mL. The inoculated human serum and seawater were incubated for 210 min at 37 and
30°C, respectively, with shaking before RNA extraction.

RNA extraction. One milliliter aliquots from microcosms (10 mL for serum and 40 mL for
seawater) were centrifuged at 5000-10,000 * g, decanted, and immediately used for RNA
extraction. RNA for qRT-PCR was purified using a Quick RNA Miniprep Kit (Zymo). Following
extraction, RNA was subjected to a second DNase treatment using TURBO DNA-free Kit
(Invitrogen). RNA was immediately quantified using a Qubit RNA HS kit (Invitrogen) and purity
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checked using a NanoDrop 2000 spectrophotometer. An aliquot of RNA was diluted to 10 ng/μL
for use in qRT-PCR. RNA preparations were stored at -80°C.

Gene expression. Changes in gene expression under different treatments was assessed by qRTPCR (qPCR). For select genes, qPCR primers were designed using the IDT PrimerQuest Tool
(http://www.idtdna.com/Primerquest/Home/Index) using default parameters except: optimal
product length of 100 bp, primer Tm of 62°C, no “G” base at 5’ end, and a GC clamp on the 3’
end (Table 2). Thermo Scientific™ Verso™ 1-Step qRT-PCR Kits with low ROX (Thermo
Scientific) was used for one step reverse transcription in an ABI 7500 qPCR thermocycler. QPCR
consisted of 1x Thermo Scientific™ Verso™ 1-Step qRT-PCR master mix, 20 ng RNA, 0.15 μM
of each primer, and the following conditions: 1 cycle of 50°C 15 min, 95°C 15 min followed by
40 cycles of 95°C 15 s and 60°C 30 s with a melt curve following quantification. RNA was tested
for gDNA contamination by performing qRT-PCR as described but without reverse transcriptase
(no enzyme control-NEC). If amplification in the NEC occurred >5 CT than with reverse
transcriptase then <3% gDNA was present and the RNA was acceptable for gene expression
analyses (141).

Fold gene expression was calculated using either the 2-ΔΔCT method (142, 143) or an alternate
calculation method (2-ΔCT’) when no reference gene could be used due to changes in its expression
(143). Multiple reference genes were used depending on the parameter tested. An internal tufA
control (192) was used for temperature, salinity, and pH experiments. The manganese superoxide
dismutase (sodA) was used to compare growth phases. Comparisons of gene expression in
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seawater and serum between mutant strains were made using the 2-ΔCT’ method with the wild type
grown in seawater serving as the control (143).

Statistical analyses. Statistical tests were performed in R (V3.6.1) and GraphPad Prism V8.
Significant differences of methylated bases between genomic categories was performed using a
Chi squared test. Comparison of fractional methylation of bases between treatments, for each
methylase, was performed using a Welch Two Sample t-test. Fractional methylation was compared
by ANOVA and Tukey’s HSD tests between each treatment and the average genome coding
sequence (using a random subset n=50 dam and n=300 dcmA) for each gene using the R package
multcomp.

The fold gene expression was calculated and values between 0 and 1 (i.e. negative expression)
were converted into negative fold changes by dividing -1 by the value (e.g. -1/ 0.5 = -2 fold
expression). ANOVA and Tukey’s HSD tests were performed on fold expression to compare gene
expression under the various treatments using the 30°C exponential phase culture grown in LB
(1% NaCl, pH 7.5) as the control for experiments using LB broth. Gene expression in the wild
type strain of V. vulnificus CMCP6 grown in seawater was used as the control group for
experiments comparing seawater and human serum.

Mutant growth curves. One milliliter of overnight cultures of each V. vulnificus strain were
centrifuged to obtain a pellet, washed twice in phosphate buffered saline and resuspended in LB
broth containing final concentrations 1%, 2% or 3% (wt/vol) of NaCl at a pH of 5.5, 7.5 or 8.
Dilutions (1:100) of the cell suspensions were prepared in respective LB broth. Aliquots (200 µl)
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of each suspension were added to a 96-well microtiter plate. The plates were incubated under
aerobic conditions at 25°C, 30°C, or 37°C. Optical density was measured at 595 nm (OD595)
every hour for 24 h using a Tecan Sunrise microplate reader, and the results were evaluated using
Magellan plate reader software. The experiment was performed in triplicate, with three
independent biological replicates. Growth curves were plotted using GraphPad Prism V7.

Results
Identification of clinically associated genes in the V. vulnificus pangenome. In a recent study,
we identified significant differences between the pangenomes of the pathogenic C1 and nonpathogenic C2 strains (234). However, the study included all known V. vulnificus strains whose
genomes were publicly available and did not show differences between clinical and environmental
strains. Presence of clinical and environmental strains in all clades masked genes specifically
involved with transitioning to a human host. To unmask these differences, we performed a
systematic literature review to identify strains that were isolated from septicemia and wound
infection patients and those isolated from environmental sources. Some of these clinical isolates
were found to be associated with host-associated virulence properties such as macrophage
apoptosis and serum resistance (234, 250–253) while some environmental ones were susceptible
to such host defenses and were included. Based on this, 12 clinical (C) strains from C1, some of
which were previously shown to exhibit these virulence properties, and 15 environmental (E)
strains from C2 (Table 1A), were selected for further analysis. Using a similar pipeline as our
previous pangenome analysis (234), we investigated the differences between the pangenomes of
these clinical and environmental strains (Fig. 1A).
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We identified a significant difference of at least 2-fold in the abundance of genes between the two
groups for a number of functional categories, particularly DNA metabolism, cell wall and capsule
production, and carbohydrate utilization. The highest difference was observed for DNA
metabolism with C strains having a nearly 8-fold increase in the abundance of genes compared to
E strains. Among them, a startling 537 genes of clinical strains were associated with DNA
modification, including Type 1 Restriction Modification Systems (T1RMS). Interestingly, the
clinical V. vulnificus strain CMCP6 was recently found to demonstrate changes in methylation in
response to its environment (6). The abundance of methylase genes in the clinical isolates
combined with decreased methylation of CMCP6 in human serum, together indicate that
methylation in clinical strains may result in changes in gene expression in response to
environmental conditions enabling the transition to a human host (234).

Genomic methylation in V. vulnificus CMCP6 during environment transition. The significant
increase in DNA methylation related genes in the clinical V. vulnificus strains could be involved
in the transition to a human host and pathogen emergence. Gene expression analyses in human
serum and seawater have been reported for V. vulnificus CMCP6 (98) yet, despite containing three
putative methylases, the role of methylation in gene regulation remains unexplored. The
methylases responsible for the observed methylations were investigated in the widely used
reference strain V. vulnificus CMCP6 (clinical isolate) to enable an association between
methylation and gene function. Methylase genes in V. vulnificus CMCP6 published on REBASE
were putatively assigned to the observed methylation motifs. The methylase M.VvuORF2031P
had a 99% sequence identity to methylases with published methylation motifs similar to the
observed GCCAN9TCC/GGAN9TGGC motif (Table 3A). Here, the T1RMS (VvuORF2031P,
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S.VvuORF2031P, and M.VvuORF2031P) was termed hsd for “host specificity of DNA” (145).
A BLAST search of the putative cytosine methylase M.VvuORF20710aP did not reveal any
closely related genes. The observed cytosine methylation motifs were highly variable and does not
preclude additional unknown methylases, if M.VvuORF20710aP is a subunit of an unidentified
enzyme, or an orphan methylase. Therefore, M.VvuORF20710aP was termed dcmA (DNA
cytosine methylase).

V. vulnificus CMCP6 methylation data were analyzed to find functional relationships between
methylation and changes in gene expression during environmental transition. All protein coding
sequences, r/tRNA genes, and intergenic space (including promoters) had higher methylation in
the seawater treatment group than in human serum (Fig. 2A). Several methylation motifs were
examined to find if any changes occurred during environmental transition (Table 3A). The
methylations per kilobase associated with N6-methyladenines (m6A) did not vary widely between
treatments (Table 3A).

An absence of specific N4-methylcytosine (m4C) motifs prompted us to search for short general
motifs which are not searched for in the SMRT Modification and Motif pipeline but are associated
with cytosine methylation in eukaryotes (Table 3A) (58, 78, 146–149). The greatest change in
methylations per kilobase occurred with the m4C motif CHH (Table 3A). Methylated CHH motifs
in the seawater treatment had several significantly enriched gene ontologies associated with the
ribosome and nitrogen metabolism (Fig. S1A).
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Methylation of virulence and survival associated genes. Differential methylation of genes that
contribute to virulence and survival may facilitate rapid adaptation when transitioning from
seawater to human serum. We selected six genes associated with virulence and survival in both
environments. We therefore investigated the effect of methylation on the gene expression of these
six genes (hupA, nptA, wza, and the manganese (Mn), iron (Fe), and copper-zinc (CuZn)
superoxide dismutases (SOD)).

Methylation within promotor binding sites can directly affect the ability of RNA polymerase to
bind DNA and effect gene expression (254). A comparison of BPROM’s predicted sigma70
binding sites, for the six genes, resulted in significantly fewer methylated bases in the human serum
treatment (p= 0.046). The CuZn SOD promoter region had only two methylated bases and the Fe
SOD had one. Distinctly reduced methylation in the first part of the gene coding sequence was
observed in the Fe SOD as well. Overall, more methylated bases were detected in the gene coding
sequences and promoters of all genes in the seawater treatment group when compared to the human
serum, mirroring results in Fig. 2A.

Using the detected methylated bases in the gene coding sequences, we investigated if the fraction
of DNA molecules methylated at each base position varied by treatment which could indicate
differential regulation. The human serum treatment resulted in a significantly higher base
methylation fraction for each of the dam (p < 2.2e-16), hsd (p < 5.09e-07), and dcmA (all m4C) (p
< 2.2e-16) methylation motifs in genomic gene coding sequences (e.g. seawater resulted in 2/4
methylated bases being detected 80% of the time while serum resulted in 1/4 methylated bases
being detected 90% of the time) (Fig. 3A). This can be seen where the quantity of dam methylation,
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in select genes, is similar but the fraction of times the bases are methylated is higher in the human
serum treatment (e.g. Fig. 3A A wza). Five of the six selected genes did not have an hsd motif
present with wza containing a single methylated motif in both treatments (not shown).

Methylation’s role in regulating gene expression during the transition from seawater to
human serum. Exposure to human serum and seawater resulted in variable levels of methylation
which may affect gene expression and confer an advantage when transitioning environments. V.
vulnificus CMCP6 wild type and knockout mutant strains, ∆hsd and ∆dcmA, were grown in human
serum amended with iron or seawater to determine if the observed methylation contributes to gene
transcription. A dam mutant was not constructed because it is essential for replication of the second
chromosome in Vibrio (255, 256).

Both mutant strains tended to have higher transcription of each tested gene in human serum
compared to seawater (Fig. 4A). wza had significantly higher transcription than either the wild
type or the ∆hsd strain when grown in human serum and the other genes tended to follow this
pattern in serum as well (Fig. 4A). Transcription of most genes was not significantly different from
the wild type for the ∆dcmA and ∆hsd mutants when grown in seawater (Fig. 4A) despite the
abundance of m4C (Table 3A).

Environmental contribution to changes in gene expression. During transition from the estuarine
water to the human host, invading V. vulnificus may encounter changes in a number of
environmental conditions including temperature (e.g. 18°C to 37°C) (8, 158), salinity (e.g. coastal
water salinity 25ppt to blood 9ppt) (8, 109), and pH (e.g. seawater pH 8, oyster gut pH 5.5 to
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human serum pH 7.4) (150, 240, 249). To successfully transition from the environment to the
human serum, the bacterium must be able to adapt rapidly to the changing conditions. Changes in
gene methylation and expression between seawater and serum were observed (Fig. 3A and 4A)
and we sought to identify which changing environmental conditions affected gene expression in
human serum and seawater. To investigate if environmental conditions experienced during
infection would alter gene transcription compared to those encountered in seawater, we subjected
the wild type V. vulnificus CMCP6 strain to a range of environmental conditions found in the
environment and human host.

Unexpectedly, wza expression was not affected by any of the environmental conditions tested
(Fig. 5A). This in contrast to each condition affecting the transcription of 2-4 genes. Temperature,
salinity, or pH similar to human blood (37°C, 1% NaCl, and pH ~7.5) typically had the highest
observed transcription level for each gene (Fig. 5A). Effects of growth phase on gene expression
were also investigated as it could represent bacteria waiting to transition to a more favorable
environment. Both the CuZn SOD (10.8 fold) and nptA (118.8 fold) had significantly higher
expression in stationary phase than log phase (not shown). No differences in growth among the
mutant strains were observed under the same conditions used for gene expression (temperature,
salinity, and pH) (Fig. S2A).

Discussion
V. vulnificus is a poorly understood emergent pathogen that causes a fulminant septicemia and is
particularly virulent towards certain high-risk groups yet lacks typical virulence factors. To date,
the specific factors that differentiate clinical from environmental strains remains elusive. The lack
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of distinguishing factors that determine the virulence potential of V. vulnificus isolates prompted
us to conduct a genomic analysis of the two groups. Comparison of the pangenomes of the clinical
and environmental V. vulnificus strains used in this study revealed an increased abundance of genes
for functional categories particularly DNA metabolism, cell wall and capsule production, and
carbohydrate utilization, in clinical V. vulnificus strains. These unique genetic adaptations appear
essential for human host colonization. For example, the capsular polysaccharide is a known
virulence factor that contributes to evasion of host immune defenses (38, 257), and a wide
spectrum of carbohydrate utilization enhances their ability to adapt to different environments, as
observed in our previous study (234). Here, we identified a significant enrichment of genes
associated with DNA metabolism including methylases which may contribute to the environmentto-host transition.

The enrichment of DNA methylases in clinically-associated V. vulnificus may facilitate the
environment-to-host transition by augmenting gene expression and promoting their divergence
from environmentally-associated strains. Several of the identified methylases were part of the
T1RMS which can serve as barriers to genetic exchange and protect cells from virus infection
(145, 244). A recent study demonstrated a decrease in genome-wide methylation of V. vulnificus
in human serum compared to seawater (6). The increased abundance of methylation-associated
genes in the clinical strains, and changes in the methylation of the clinical strain CMCP6 in human
serum, indicate that methylation may facilitate changes in gene expression enabling environmentto-host transition. Furthermore, Enterococcus faecium is an opportunistic human pathogen that
resembles V. vulnificus in that it can be divided into clades and most human infections can be
attributed to a subclade (A1) (244). Recently, the genetic divergence of the clinically associated

105

subclade was attributed to type I methylase activity. Similar mechanisms are proposed for other
distinct clades of pathogenic strains within Salmonella enterica and Burkholderia pseudomallei
(243, 258). The observed enrichment of DNA methylases in clinical V. vulnificus strains could
potentially be driving a similar divergence from environmental strains (244). Acquisition of new
methylases via horizontal gene transfer (e.g. phages) would then enable further diversity in
phenotypes and may contribute to the species’ genetic diversity clustering (234, 259, 260).

Here we found a significant increase in methylase genes in clinical isolates of V. vulnificus and
sought to determine if these genes could contribute to the transition of clinical strains from the
environment to the host. Increased methylation in the seawater treatment indicated that gene
expression could be reduced relative to the human serum (6). High levels of methylation typically
indicate reduced gene expression by altering physical properties of DNA (63), interfering with
RNA polymerase (64), or through indirect effects (e.g. recruiting proteins to block transcription)
(151). Williams et al. (2014) reported significant differences in gene expression when V. vulnificus
was exposed to seawater and human serum but the mechanisms responsible for the observed
changes remain elusive (98). Elevated methylation may contribute to the reduced gene expression
in seawater to reduce growth and conserve nutrients. While fewer methylated bases were present
in the human serum treatment overall, each methylated base position present was more frequently
methylated. This was also observed within the investigated genes (soda-C, hupA, nptA, and wza).
The reduced quantity and variability in base methylation fraction may indicate selection for a more
specific gene methylation and expression profile in human serum compared to seawater.
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After finding differences in the methylation of several virulence- and survival-associated genes,
we hypothesized that the methylation contributed to regulating gene transcription in seawater and
human serum. While an extensive transcriptomic analysis was not conducted, loss of methylation
from either methylase had a significant effect on the expression of the tested genes. Gene
transcription in the seawater treatment tended to not be significantly different from the wild type
for Δhsd (1/7 genes) or ΔdcmA (3/7 genes) indicating that other regulatory mechanisms could be
at work (Fig. 4A). In human serum, the transcription of sodA-C, hupA, nptA, and tufA significantly
increased in the ΔdcmA mutant and was typically higher than the Δhsd mutant (Fig. 4A). Overall
reduced transcription in seawater compared to serum was consistent with transcriptome analyses
of V. vulnificus grown under similar conditions (98). Use of methylation, and single nucleotide
polymorphisms at methylation sites, to adapt to environmental changes would allow for variability
in niche colonization without requiring additional genes such as distinct virulence factors. This
could support previous work showing a lack clinically-associated virulence genes and strain
heterogeneity within C1 (234).

We sought to tease apart variables that could be responsible for the observed changes in gene
expression when transitioning from seawater to human serum. Several studies with V. vulnificus
and other pathogens have shown that environmental conditions similar to those found in humans
can increase virulence expression such as elevated temperature (113, 158–160), low salinity (109,
163), and pH (17, 164–167). Similarly, in our analysis, we observed that abiotic conditions
representing a human host (higher temperature, low salinity, and neutral pH) promoted the
increased expression of most of the genes tested compared to those encountered in its natural
environment. hupA and wza, which are associated with infections, did not have elevated expression
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under individual conditions similar to a human host. Previously hupA had been shown to have
elevated expression at high temperatures (113). However, this was not observed in our analysis
potentially due to variability in culture conditions including lower salinity and was iron replete
which reduced hupA expression (113). We observed increased expression of CuZn SOD and nptA
in stationary phase CMCP6 which may protect cells from external superoxide (e.g. macrophage
oxidative burst) and flexibility in phosphate acquisition during the environment-to-host transition
(133, 156). Stationary phase cells may be encountered as cells that are resting in the environment
(170, 171) and may be expressing genes that facilitate survival and the environment-to-host
transition (158, 163).

In conclusion, we have found that DNA methylases are associated with clinical strains of V.
vulnificus and methylation appears to play a role during the transition between seawater and human
serum by augmenting gene expression. The significant differences in methylases between the
clinical and environmental strains may also be driving the divergence between clinically and
environmentally associated strains. Causal relationships, between gene expression and
methylation, need to be determined through additional sequencing under less disparate conditions
to minimize the number of differentially methylated sites and find key regulatory regions in both
clinical and environmental strains. Inclusions of methylase knockout mutants, in both clinical and
environmental strains, will be critical for determining the role of methylation in both virulence and
survival when outside of a host. These findings will help us better understand alternative
mechanisms of virulence in pathogens lacking typical virulence factors.
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methylated bases between treatments.
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Supplementary Figure 2A. Growth curves of V. vulnificus CMCP6 wild type (CMCP6), wza
knockout mutant (Δwza), type I restriction-modification system knockout mutant (Δhsd), N4methylcytosine methylase mutant translucent phenotype (ΔdcmA (T)) or opaque phenotype
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represent standard deviation in the mean of replicates when optical density (OD) was measured at
595 nm.
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Tables
Table 1A. Strains and plasmids used in this study.

Strain or plasmid
Bacterial Strains

Target

Description

Reference

Donor for bacterial conjugation; thr1004
pro thi strA hsdS lacZ∆M15 (F lacZ∆M15
lacTRQJ36proAB) dapA
Ermr pirRP4

This study

CMCP6

Clinical isolate; reference strain

YJ016

Clinical isolate; hemorrhagic rash

This study;
(253)
(253)

DAL79040

Clinical isolate

(253)

ATL9824

Clinical isolate

(234)

C7184

Clinical isolate; Human blood

(253)

E. coli β2155 λpir

V. vulnificus

LSU1015

Clinical isolate; Human blood

(234)

MO6-24/O

Clinical isolate

(234)

FORC_017

Clinical isolate

(234)

ATL6-1306

Clinical isolate

(234)

VV2014DJH

Clinical isolate; Human blood

(234)

LSU1657

Clinical isolate; Human blood

(234)

FORC009

Clinical isolate

(234)

Env1

Environmental isolate; Oyster

(253)

JY1305

Environmental isolate; Oyster

(253)

Environmental isolate; Tilapia

(234)

WAPHLVBRA00002
JY1701

Environmental isolate; Oyster

(253)

SS108A3A

Environmental isolate

(253)

FORC_037

(234)

SC9629

Environmental isolate; Mya arenaria
(bivalve)
Environmental isolate; Seafood

AB17-319

Environmental isolate; Oyster

(234)

SC9761

Environmental isolate; Oyster

(234)

R02

Environmental isolate; Diseased Eel

(234)

A14

Environmental isolate; Diseased Eel

(234)

VN-0206

Environmental isolate; Seawater

(234)

VN-0101

Environmental isolate; Seawater

(234)

101/4

Environmental isolate; Tilapia

(234)

SREL119

Environmental isolate; Sediment

(234)

Suicide plasmid; R6K ori, mobRP4, cat,
sacB
∆hsd cloned into pDS132

(84)

(234)

Plasmids
pDS132
pDS132: ∆hsd

VV1_2031 to
VV1_2037- Type
1 restrictionmodification
system
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This study

pDS132: ∆dcmA-O

AE016796
REGION:
764145..764495Putative cytosine
methylase

∆dcmA of opaque colony morphology cloned
into pDS132

117

This study

Table 2A. Genes and primers used in this study.
Primer
Name (F)

Primer Sequence (F)-Sense 5'-3'

Primer
Name (R)

Primer Sequence (R) 5'-3'

Reference

gapdh F

TGAAGGCGGTAACCTAATCG

gapdh R

TACGTCAACACCGATTGCAT

(50)

hupA_F1

CATGTCCCGGATTGTCATAG

hupA_R1

ACAAGGTAGCGCAAGAAG

This study

nptA

Glyceraldehyde 3-phosphate
dehydrogenase
TonB-dependent heme and
hemoglobin receptor
Sodium phosphate cotransporter

qNptA2_F

qNptA1_R

Manganese superoxide dismutase

sodA_F1

sodA_R1

GCCGAACATCATTTCCAAAGG
AAGG
CACCCTCTTTGACCACTAAC

(38)

sodA

TTTCTCTTGGCCACGTACGCT
GTA
CCCACGCGATTCAAGAAA

sodB

Iron superoxide dismutase

FeSOD_F1

TCATGTAGTCTGGACGTAGG

FeSOD_R1

ACACCAATCACTGAAGAAGG

This study

sodC

Superoxide dismutase [CuZn]
precursor
Elongation factor

CuZnSOD_
F1
tufA_F

AGATCGCCAAGGTGATTG

AGACGGCAAAGTGGTATTAG

This study

TTCCCAGGTGATGACCTACC

CuZnSOD_
R1
tufA_R

TAGATCGATTGCACGCTCTG

(49)

Capsular polysaccharide
transporter
Type 1 Restriction modification
system (upstream)
Type 1 Restriction modification
system (downstream)
Hsd flanking region

wza_F

AGACGATTTGGCTTACATGG

wza_R

GGATAGATGTGAGCCGGGTA

(49)

hsd up F

hsd up R

GATCGGCGGCCGCCGATTCCA
TGCGATTAGCCA
GATCGGCGGCCGCTGAACAAT
AATGGCAGTCGAA
TAAGGCTTATACCTACAGGT

This study

Putative cytosine methylase
REBASE ID
M.VvuORF20710aP (upstream)
Putative cytosine methylase
REBASE ID
M.VvuORF20710aP
(downstream)
dcmA flanking region
(up/downstream)

dcmA up F

GATCGGCATGCCGCCCGTGTT
TAAGTCAAGT
GATCGGCGGCCGCTGAACAA
TAATGGCAGTCGAA
GTACCTACTCTCATATACTTC
C
GATCGGCATGCTGATCGGGTT
TATCGCCTTC

dcmA up R

GATCGGCGGCCGCAATGCCTA
TTTGTTCTCTGG

This study

dcmA dn F

GATCGGCGGCCGCTTCTGAAT
AGCCACCAAATCA

dcmA dn R

GATCGTCTAGAATGTCTACAT
GGCATAAGCG

This study

dcmA fl F

CCGTAGCGTGTAAACCAAAT

dcmA fl R

AAGGCACTGGATGCAAAGAAC

This study

Target
Function
Gene Expression Primers
GAPDH
hupA

tufA
wza
hsd
hsd
hsd
dcmA

dcmA

dcmA

hsd dn F
hsd fl F
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hsd dn R
hsd fl R

This study

This study
This study

Table 3A. Quantity of methylated DNA sequence motifs per kilobase of gene coding sequences
in seawater and human serum. Methylated bases are italicized on the positive strand and
underlined on the minus strand. Methylated bases are N6-methyladenines (m6A) or N4methylcytosines. H = A, T, or C.
Methylations per
kilobase

Motif
GATC
GCCAN9TCC
GGAN9TGGC
Nonspecific
m6A
CG
CHH
CHG

Putative
Human REBASE
Seawater Serum Methylase
9.03
8.87
Dam
0.11
0.11
M.VvuOR
0.10
0.10
F2031P
0.21
0.15
Unknown
38.22
25.01
17.04

11.53
4.55
3.80
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M.VvuOR
F20710aP*

Gene
hsdM

dcmA

